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Abstract 
Microalgae have become well-known in the last few decades as producers of various 
compounds of high nutritional value, such as long chain polyunsaturated fatty acids, pigments 
including carotenoids, proteins, sterols, and vitamins. Among these compounds, carotenoids 
and phytosterols have been receiving increased attention based on the discoveries that they 
are capable of preventing various diseases such as cardiovascular problems, certain cancers, 
and neurological disorders, e.g. Alzheimer’s, amyotrophic lateral sclerosis etc. The 
commercial exploitation of the microalgal strains Dunaliella salina and Haematococcus 
pluvialis for β-carotene and astaxanthin, respectively, led to the hypothesis for the current 
study that other microalgal strains may even have a higher potential to produce these 
compounds, especially when the underlying physiological pathways that lead to elevated 
levels of these compounds could be stimulated. The aims of this thesis were therefore (1) to 
screen microalgal strains for their potential to produce carotenoids and phytosterols and (2) to 
induce the top producer(s) to accumulate higher quantities of carotenoids and phytosterols 
and (3) to scale up the successful induction method(s) to explore large-scale commercial 
production of these metabolites. Moreover, the well-known sensitive nature of carotenoids 
(e.g. astaxanthin and β-carotene) to light, drying and preservation methods led to the idea that 
freeze-drying rather than the currently popular spray-drying methods could be more suitable 
for long-term storage of  highly valuable carotenoids, such as astaxanthin.  
As a first step, screening was carried out on twelve microalgal strains collected from brackish 
and marine waters for carotenoid profiles and contents, antioxidant capacity (total phenolic 
content and oxygen radical absorbance capacity (ORAC), and phytosterol profiles and 
contents in order to identify high carotenoid and phytosterol producing strains. Thereafter, the 
top-ranked strains were treated by plant hormones (salicylic acid (SA) and methyl jasmonate 
(MJ) for carotenoids), UV-C radiation (for carotenoids and phytosterols), osmotic shock (for 
phytosterols), nutrient manipulation (for phytosterols), and oxidative stress (H2O2/NaOCl 
treatments) in order to increase the accumulation of the target compounds. Furthermore, 
biomass from Haematococcus pluvialis (high astaxanthin producer) was dried either by 
freeze- or spray-drying, followed by preservation in vacuum or non-vacuum packs at -20ºC to 
37ºC for 20 weeks in order to identify the most suitable drying and packaging methods and 
preservation temperature for astaxanthin.  
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Among the species screened for carotenoids, the top four producers were Dunaliella salina, 
Tetraselmis suecica, Isochrysis galbana and Pavlova salina. The total phenolic content was 
low in these species, with D. salina possessing the highest content. The ORAC values were 
variable in the twelve strains, with the highest found in D. salina. Based on this ranking, D. 
salina and T. suecica were selected for further induction studies for carotenoids. These two 
microalgal strains were treated with SA, MJ, or UV-C radiation, and a combination of UV-C 
and plant hormones, and the carotenoid levels were measured in the biomass after the 
treatments. Responses to plant hormones were different in the two strains, with D. salina and 
T. suecica showing higher carotenoid production compared to mock-treated control cultures, 
when using MJ and SA, respectively. Both strains also demonstrated increased carotenoid 
production due to UV-C radiation; however, the dosage and induction time varied in the two 
strains. D. salina required less dosage but more time than T. suecica to produce more 
carotenoids than the mock-treated control cultures.  The combination of these two treatments 
showed higher carotenoid production only in T. suecica. The success of the stresses caused 
by UV-C radiation led to the adoption of treatments with H2O2 or NaOCl in attempts to 
induce carotenoid production in these two strains as antioxidative defence molecules. 
However, responses to H2O2 or NaOCl treatments were different in the two strains. Although 
D. salina demonstrated higher carotenoid production due to H2O2 or NaOCl treatments, T. 
suecica showed higher carotenoid accumulation only in response to NaOCl.  
In the carotenoid stability experiment, the sensitivity of astaxanthin to high temperature, and 
air exposure was confirmed as low storage temperature and vacuum packing showed higher 
astaxanthin stability. Moreover, freeze- drying yielded higher astaxanthin content in the 
biomass and lower degradation at the low storage temperatures. Cost-benefit analysis showed 
freeze-drying followed by vacuum packed storage at -20ºC can generate AUD $600 higher 
profit compared to spray-drying from 100 kg H. pluvialis powder.  
The screening of twelve microalgal strains for phytosterols identified Pavlova lutheri, 
Tetraselmis sp. M8, and Nannochloropsis sp. BR2 as the top three producers. Based on this 
ranking, Pavlova lutheri was selected for further induction studies for phytosterols. As sterols 
are well known to maintain osmotic balance in the cell membrane, osmotic shock treatment 
was used in P. lutheri with the hypothesis that the shock would induce higher sterol 
production. Although no increase in sterol accumulation could be found as a result of osmotic 
shock, higher sterol contents (up to a 2-fold increase) were found as the cultures grew older. 
In order to identify whether nutrients contributed to such high sterol accumulation, the P. 
4 
 
lutheri cultures were grown in high nitrate or phosphate or nutrient-starved medium. 
However, no effect of high nitrate or phosphate or nutrient deprivation could be found on 
sterol accumulation. Moreover, due to evidence of anti-oxidative properties of phytosterols, 
the P. lutheri cultures were treated in H2O2 or UV-C radiation with the hypothesis that the 
oxidative stress caused by these treatments would induce higher production of sterols. 
However, the responses were different with only UV-C causing higher sterol accumulation, 
while H2O2 showed no effect on sterol production.  
Taken together, the results from this study identified T. suecica, D. salina, and P. lutheri as 
high carotenoid and phytosterol producing strains. Moreover, plant hormones such as SA and 
MJ, H2O2/ NaOCl treatments and UV-C radiation have been identified as useful tools for 
inducing carotenoid and phytosterol accumulation in these strains. Furthermore, molecular 
studies are warranted to understand the mechanism of the induction of carotenoids and 
phytosterols observed in this study. Additionally, freeze-drying has been identified as a mild 
and more profitable method for ensuring longer shelf life of astaxanthin from the H. pluvialis 
powder.  Due to the scalable nature of the successful induction methods identified in this 
study, trials should be conducted at larger scale using these tools to explore commercial 
production of carotenoids and phytosterols from these strains.  
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differences (p<0.05).   
 
Figure 3.9. Total carotenoids, lutein and β-carotene (mg/g DW) contents in H2O2 treated T. 
suecica biomass during three days after initiation of the treatments. Shown are mean values ± 
SEs from three separately-grown cultures.  
 
Figure 3.10. Total carotenoids, lutein and β-carotene (mg/g DW) contents in NaOCl treated 
T. suecica biomass during three days after initiation of the treatments. Shown are mean 
values ± SEs from three separately-grown cultures. Different letters indicate statistically 
significant differences (p<0.05). 
   
Figure 4.1. Degradation of total astaxanthin content (%) in relation to initial levels of (A) 
spray-dried and vacuum-packed, (B) spray-dried and normal-packed, (C) freeze-dried and 
vacuum-packed, and (D) freeze-dried and normal-packed Haematococcus pluvialis powder 
stored at -20ºC, 4ºC, 20ºC and 37ºC for 20 weeks. 
 
Figure 5.1. Ranking of ten microalgal strains by total sterol (mg/g dry weight; sum of 
identified sterols).  
 
Figure 5.2.Total sterol (mg/g dry weight) in Pavlova lutheri at regular (C), three and six 
times nitrate and phosphate levels (3N, 6N, 3P and 6P, respectively) of F/2 medium during 10 
days after the initiation of nutrient manipulation. Shown are mean values and SEs from three 
separately-grown cultures.  
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Figure 5.3.Total sterol (mg/g dry weight) in Pavlova lutheri at nitrate deplete (N), phosphate 
deplete (P), nitrate and phosphate deplete (C), and nitrate and phosphate replete (F/2) 
mediums during 2 days after the initiation of nutrient starvation. Shown are mean values and 
SEs from three separately-grown cultures. 
  
Figure 5.4. Total sterol (mg/g dry weight) in Pavlova lutheri at different salinities under 
adaptation and non-adaptation scenarios. Shown are mean values and SEs from three 
separately-grown cultures. Different letters indicate statistically significant difference 
(Tukey’s test; p<0.05). 
 
Figure 5.5. Composition of sterol (µg/g dry weight) in Pavlova lutheri under adaptation and 
non-adaptation scenarios at different salinities. Shown are mean values and SEs from three 
separately-grown cultures. Different letters indicate statistically significant difference 
(Tukey’s test; p<0.05).  
 
Figure 6.1. Total sterols (mg/g dry weight) in Pavlova lutheri at different dosages of UV-C 
radiation (mJm
-2
). Shown are mean values and SEs from three separately-grown cultures. 
Different letters indicate statistically significant difference (Tukey’s test; p<0.05). 
 
Figure 6.2. Composition of sterol (µg/g dry weight) in Pavlova lutheri at different dosages of 
UV-C radiation (mJm
-2
). Shown are mean values and SEs from three separately-grown 
cultures. Different letters indicate statistically significant difference (Tukey’s test; p<0.05). 
  
Figure 6.3. Total sterols (mg/g dry weight) in Pavlova lutheri at different concentrations of 
H2O2 in the medium (µmol/L). Shown are mean values and SEs from three separately-grown 
cultures.  
Figure 6.4. Accumulation of 4-alpha-methylergostanol (µg/g dry weight) in Pavlova lutheri 
at different concentrations of H2O2 in the medium (µmol/L). Shown are mean values and SEs 
from three separately-grown cultures. Different letters indicate statistically significant 
difference (Tukey’s test; p<0.05).  
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Figure 6.5. Activity of superoxide dismutase (SOD) and malondialdehyde (MDA) at 
different dosages of UV-C radiation (mJm
-2
) after 3, 24 and 48 hours of treatment. Shown are 
mean values and SEs from three separately-grown cultures.     
Figure 6.6. Activity of superoxide dismutase (SOD) and malondialdehyde (MDA) at 
different concentrations of H2O2 in the medium (µmol/L) after 3, 24 and 48 hours of 
treatment. Shown are mean values and SEs from three separately-grown cultures.   
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Chapter 1: Review of literature 
 
Adapted from “Faruq Ahmed, Kent Fanning, Holger Schuhmann, Michael Netzel & Peer M 
Schenk (2013) Microalgae: A valuable source of natural carotenoids with potential health 
benefits. IN: Carotenoids: Food Sources, Production and Health Benefits. Ed: Yamaguchi 
M, New York, Nova Science Publishers, Inc. pp. 143-164.” 
 
1.1 Introduction 
In the past decades, there has been a surge of interest in microalgal biotechnology for 
producing valuable molecules that include polyunsaturated fatty acids, pigments, sterols, 
vitamins, therapeutic proteins and biofuels (Wu & Narula 2007; Rosenberg et al. 2008). 
Numerous microalgal species can synthesise valuable compounds naturally, making them 
potentially important sources of chemical products that are applied in the feed, food, 
nutrition, cosmetics, and pharmaceutical industries. Moreover, some species of microalgae 
can be efficiently transformed, which makes it possible to enhance the productivity of natural 
compounds through metabolic engineering (Steinbrenner & Sandmann 2006; Cordero et al. 
2011). With increasing demand for an alternative source of renewable energy to replace fossil 
fuels, microalgae have received considerable interest among scientists and policymakers 
although the high cost of producing algal oil has led to the concept of the microalgal 
biorefinery where high value compounds could be produced as well as biofuels to make the 
business economically viable. 
 
Algal pigments are categorised into chlrophylls a, b, and c, phycobillipigments, and 
carotenoids (Stengel et al., 2011). Among them, the commercially sought after pigment 
groups are carotenoids and phycobillins with applications in various industries. Carotenoids 
are found mostly in green leafy and yellow-coloured vegetables and orange coloured fruits. 
Carotenoids are lipophilic compounds containing 40 carbon chains and have been divided 
into carotenes and xanthophylls based on their chemical structure. The carotenes are 
hydrocarbons whereas the xanthophylls have oxygenated functional groups making them 
more polar than the carotenes (Lietz et al., 2012). All xanthophylls are produced by higher 
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plants and microalgae, including violaxanthin, antheraxanthin, zeaxanthin, neoxanthin and 
lutein. Some other xanthophylls are synthesised exclusively by green microalgae, diatoms or 
brown algae e.g. loroxanthin, astaxanthin, canthaxanthin, diatoxanthin, diadinoxanthin and 
fucoxanthin (Fig. 1.1) (Guedes et al., 2011a). Carotenoids are also categorised as primary and 
secondary due to the distinction that the primary carotenoids are structural and functional 
components of the cellular photosynthetic apparatus, making them integral for the survival of 
the cells, whereas secondary carotenoids are produced only after exposure to specific 
environmental stimuli through a process known as carotenogenesis (Guedes et al., 2011a). 
Carotenoids have also been divided into provitamin A (β-carotene, α-carotene, and β-
cryptoxanthin) and nonprovitamin A (lutein, lycopene and zeaxanthin), based on the 
possession of potential vitamin A activity by being a source of retinol when dietary 
preformed vitamin A fails to meet the body’s needs (Borel, 2012). Carotenoid pigments 
provide protection to the photosynthetic apparatus in plants by dissipating excess energy. 
They also have a major role in photosynthesis by harvesting light and by stabilising protein 
folding in the photosynthetic apparatus (Borel, 2012). More than 600 different carotenoids 
are known to be present in nature and their distribution, molecular structure or the presence of 
specific biosynthesis pathways have been suggested as useful tools for algae classification. 
Carotenes and xanthophylls are predominantly synthesised and accumulated within the 
plastids of green microalgae, however, secondary xanthophylls may accumulate in the 
cytoplasm (e.g. astaxanthin in Haematococcus sp.) leading to the speculation that 
xanthophylls synthesised in the chloroplast may be exported, and consequently accumulate in 
the cytoplasm (Guedes et al., 2011a). 
Carotenoids have been used as food colorants for many decades and are increasingly 
becoming popular as dietary supplements (Böhm et al., 2012). Carotenoids are known as 
important antioxidants and there is evidence that they are involved in other biological 
functions, e.g. regulatory effects on intra- and intercellular signalling and gene expression 
(Sies & Stahl, 2005). Carotenoids quench singlet oxygen which mainly arises from sunlight 
absorption by chromophores and thus protect the chlorophylls, lipids, proteins and DNA from 
the singlet oxygen damage. The mechanism of singlet oxygen quenching involves the 
conversion of the excess energy of the singlet oxygen into heat via the formation of the 
lowest excited triplet state of the carotenoids (3CAR) (Böhm et al., 2012). However, each 
carotenoid has different antioxidant properties determined by its polarisation, affecting its 
orientation in the cell membrane. For example, β-carotene is accumulated in the inner portion 
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of the cell membrane and contributes to membrane stability by reacting with oxygen radicals 
whereas lutein is localised across the membrane and provides protection against by-products 
from peroxyl radicals (Young & Lowe, 2001). Because of the fat-soluble nature, the uptake 
pathway of carotenoids from diets is the same as other lipophilic nutrients and consumption 
of dietary fat together with carotenoids improves their absorption. After ingestion, the 
carotenoids initially appear in the chylomicron and VLDL fraction of the blood. The LDL 
particles in the blood are the major carrier of hydrocarbon carotenoids whereas both LDL and 
HDL are equal distributors of xanthophylls. Circulating carotenoids in the bloodstream are 
thus transported to all tissues including the skin (Stahl & Sies, 2012). There are reports that 
carotenoids can protect human skin against UV-induced damage. Therefore, it has been 
suggested that increasing the carotenoid content in plants can lead to the improvement of the 
nutritional quality of the diet as high conservation of fundamental cellular signalling 
processes and protective mechanisms are observed in nature (Stahl & Sies, 2012). 
Among the various sources of carotenoids, microalgae have created a wide interest due to the 
advantages that they are relatively easy to cultivate, not being in competition with food 
production, can adapt to environmentally changing conditions by producing a great variety of 
secondary metabolites, and the production of these compounds can be triggered by either 
controlling the cultivation conditions or by using genetic engineering approaches. For 
decades, microalgae have been used as food for aquaculture but they can also be a good 
source of pharmaceutical products and can also be used to purify wastewater (Ibañez & 
Cifuentes, 2013). Two microalgae strains, Dunaliella salina and Haematococcus pluvialis are 
well known to accumulate β-carotene (up to 14% dry weight) and astaxanthin (2–3% dry 
weight) respectively, under stress conditions (Ibañez & Cifuentes, 2013). Recently, there has 
been interest in fucoxanthin, a carotenoid available in brown algae, due to claims that it can 
inhibit cell growth and induce apoptosis in human cancer cells and that it possesses anti-
inflammatory, anti-oxidant, anti-diabetic and anti-obesity properties (Maeda et al., 2005). 
 
1.2 Induction of Carotenoid Biosynthesis in Microalgae and Advances in Large-scale 
Production 
The carotenoid compound from microalgae that was first commercially exploited was β-
carotene in the 1980’s (Borowitzka, 2013). Currently companies in Australia, Israel, India 
and China are producing β-carotene from D. salina (Table 1.1). The different conditions 
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known to induce β-carotene accumulation are high photon flux densities in the wavelength 
range of 400–700 nm (known as photosynthetically active radiation, PAR) which has been 
reported to cause an increase in carotenoid level in the range of 1-10% dry weight (Hejazi & 
Wijffels, 2003). High salinity (near saturation level) is known to cause significant 
accumulation of β-carotene in D. salina which has been commercially exploited by several 
companies (Table 1.1) (Srinivasan et al., 2009). Nitrogen deprivation has been reported as 
another tool for inducing β-carotene accumulation in several species of Dunaliella (Mogedas 
et al., 2009). The presence of Fe
+2
 as well as a carbon source is also able to induce synthesis 
of β-carotene in D. salina (Guedes et al., 2011b). In some other trials, UV-A radiation (320–
400 nm) along with PAR resulted in increased β-carotene accumulation. Combined stress 
through nitrogen starvation and UV-A radiation along with PAR caused a 2.5 fold increase in 
D. bardawil (Mogedas et al., 2009). 
The commercial production plants in Australia use open pond technology in large areas (250 
ha) with minimal operational control, water mixing through wind and convection, and no 
CO2 addition (Fig. 1.2) (Del Campo et al., 2007). The other producers use raceways where 
water mixing is achieved by paddle wheels and CO2 is supplied to the raceways, achieving a 
productivity of 200 mg β-carotene m-2 day-1. The different large-scale production systems, 
e.g. semi- continuous cultivation or the use of biphasic photobioreactors can give different 
results in terms of productivity (Guedes et al., 2011b).  A two stage intensive cultivation 
technology was proposed where at stage one algae growth is optimised for biomass 
production followed by transfer of the culture to one third dilution and enhancing 
carotenogenesis through nitrogen deprivation (Del Campo et al., 2007). 
However, a semi-continuous intensive cultivation approach was reported that involved 3-4 
days dilution cycles under optimised conditions and keeping nitrate levels between 0.5 to 3 
mM and this achieved a much higher productivity compared to the simple two-stage 
approach without dilution (Guedes et al., 2011b). Moreover, heterotrophic culture of D. 
salina enriched with 67.5 mM acetate and 450 μM FeSO4 caused significant increase in 
cellular β-carotene content (Mojaat et al., 2008). As light contributes greatly to β-carotene 
accumulation, the effect of red and blue light on the carotenoid biosynthesis process was 
studied recently and the results suggested that the combination of red and blue light along 
with long-term iterative stress led to higher β-carotene accumulation in D. salina (Fu et al., 
2013). 
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Figure 1.1. Chemical structures of major carotenoids from microalgae. 
Several studies aimed to find a substitute of D. salina as a producer of β-carotene and several 
microalgae species have been reported as promising candidates. Six eustigmatophytes 
(Eustigmatos magnus, Eustigmatos polyphem, Eustigmatos vischeri, Vischeria helvetica, 
Vischeria punctata and Vischeria stellate) were grown in bubble column photobioreactors 
and were found to accumulate β-carotene at 1.5 – 5.9% of its dry weight (Li et al., 2012a). 
Production was also attempted for Eustigmatos polyphem using flat panel as well as bubble 
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column photobioreactors and β-carotene accumulation up to 60 mg/g intracellular biomass 
was reported (Li et al., 2012b). 
The second carotenoid from microalgae that has been commercially exploited is astaxanthin. 
The best natural source of astaxanthin so far has been the freshwater microalga 
Haematococcus pluvialis which is normally found in ephemeral pools of freshwater with 
cooler temperature. It has been well known that light stress and nitrogen deprivation causes 
enhancement of production of H. pluvialis aplanospores. Massive amounts of astaxanthin are 
produced when the cells undergo a dormant stage under this nutrient stress (Borowitzka, 
2013). Moreover, flashing light caused a four-fold increase in astaxanthin accumulation 
compared to conditions under continuous light, suggesting that light quality is more 
important for this purpose (Fabregas et al., 2001). Besides nitrogen deprivation, addition of 
CO2 and iron caused two- to seven-fold higher production of astaxanthin (Cai et al., 2009). 
Moreover, high phosphorus and low nitrogen (low N/P ratio) in the medium and low-cost 
hydroponic fertilisers can be useful for achieving high cell density in the vegetative stage of 
H. pluvialis growth (Tocquin et al., 2012). Development of a highly photosensitive mutant 
strain through ethyl methansulfonate (EMS) treatment and random selection was reported 
that could accumulate 1.5-fold higher astaxanthin than the wild-type strain (Hong et al., 
2012). 
Some companies follow a two stage production system which involves growing algal 
biomass under optimal growth conditions (known as green stage) followed by exposure of the 
microalgae to adverse environmental conditions that cause the accumulation of astaxanthin 
(Guerin et al., 2003). Recent studies suggested a slight modification of the two-stage 
production system, involving addition of sodium acetate at the green stage at stationary 
(senescent) phase, can significantly increase astaxanthin accumulation (Choi et al., 2011). A 
closed culture technology called PhytoMax PCS has been developed that automatically 
regulates cell culture conditions before they are transferred to open ponds for the final stage 
of astaxanthin production. A separate approach was proposed by Micro Gaia involving a 
single-step, continuous manufacture process using moderate nitrogen limitation which was 
later tested in a model called Aquasearch Growth Modules using enclosed, computerised 
photobioreactors for rapid growth of H. pluvialis followed by daily transfer of the microalgae 
to a pond culture system to induce astaxanthin accumulation (Guedes et al., 2011b). 
 
34 
 
Table 1.1. Examples of carotenoids from microalgae currently being exploited commercially. 
Carotenoid Microalgae Company Name Website 
Astaxanthin Haematococcus 
pluvialis 
Cyanotech, 
Algatechnologies, 
Mera 
Pharmaceuticals, 
AstaReal AB, 
Jingzhou Natural 
Astaxanthin Inc 
www.cyanotech.com/; 
www.algatech.com/; 
www.merapharma.com/; 
http://www.bioreal.se/; 
http://www.asta.cn/ 
β-carotene Dunaliella 
salina 
BASF, 
Nikken Shohonsha 
Co. 
www.basf.com/; 
http://www.nikken-miho.com/ 
 
Due to disadvantages of H. pluvialis, such as slow growth, low cell yield, high contamination 
risk, susceptibility to adverse weather conditions, requirement of economically unreasonable 
levels of irradiance and inability to grow in dark heterotrophic conditions, another green 
microalga, Chlorella zofingiensis, has been proposed as  
 
Figure 1.2. Hutt Lagoon in Western Australia: the largest commercial β-carotene production 
facility (photo: courtesy of Sabine Bauer; www.bauer-seyr.at). 
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an alternative. These algae are easier to grow than H. pluvialis (three times faster growth rate 
than H. pluvialis), have higher tolerance to environmental variations, and can grow under 
dark heterotrophic conditions e.g. in the presence of pyruvate, citrate and malate (Liu et al., 
2012). Similar to H. pluvialis, this strain is also reported to accumulate higher astaxanthin 
content when grown in the presence of Fe
+2
 (Wang et al., 2013). A mutant of Chlorella 
zofingiensis was developed through chemical treatment and was reported to accumulate 
higher amounts of astaxanthin when grown in cane molasses (Liu et al., 2013). 
The main factors responsible for affecting lutein accumulation are temperature, irradiance, 
pH, nitrogen availability, salinity for marine species, and specific growth rate (Guedes et al., 
2011a). Presence of oxidising substances (e.g. H2O2, NaOCl in the presence of Fe
+2
 has also 
been reported to affect lutein accumulation (Ceron et al., 2008). Unlike the conditioning 
protocols for accumulation of astaxanthin and β-carotene, lutein requires microalgae at their 
optimum growing condition, so that the factors mentioned above do not affect biomass 
productivity as that would reduce lutein production. To date, no microalgae have been 
commercially exploited for lutein, however, Muriellopsis sp. has become a promising 
candidate strain and attempts to produce it in large-scale cultivation systems are underway 
(Ceron et al., 2008). 
It was also reported that the extremophile microalga Chlamydomonas acidophila produced 
high concentrations of lutein (10 g/kg biomass) under mixotrophic growth conditions with 
urea. A high amount of zeaxanthin was also produced in this strain when grown on glycine 
and the combination of glycine and glycerol enhanced β-carotene accumulation (Guedes et 
al., 2011a). 
High PAR and ultraviolet radiation (UVR) are known to trigger de-epoxidation of the 
xanthophyll cycle in microalgae leading to the higher production of violaxanthin and 
zeaxanthin, respectively, in Nannochloropsis gaditana (Sobrino et al., 2005). Similarly, more 
conversion to diatoxanthin from diadinoxanthin due to exposure of PAR and UVR was 
reported in Phaeodactylum tricornutum (Goss et al., 1999; Mewes and Richter, 2002). 
Increase in total carotenoid content was also reported in UV-A- and PAR-treated Nitzschia 
closterium and Isochrysis zhangjiangensis (Huang & Cheung, 2011), however, the study did 
not report which particular carotenoid was significantly increased due to the stress. 
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Table 1.2. Potential sources of other carotenoids of interest from microalgae not currently 
being commercially exploited. 
Carotenoid Source References 
Lutein Muriellopsis sp., Scenedesmus almeriensis, 
Auxenochlorella (Chlorella) protothecoides, 
Chlorella zofigiensis 
[Del Campo et al., 
2001; Blanco et al, 
2007; Sanchez et al., 
2008; Fernandez-
Sevilla et al., 2010; 
Shi & Chen, 2002; 
Del Campo et al., 
2004] 
Cantaxanthin Chlorella zofigiensis, Scenedesmus komareckii, 
Dunaliella salina aplanospores 
[Pelah et al., 2004; 
Hanagata & 
Dubinsky, 1999; 
Borowitzka & 
Huisman, 1993] 
Zeaxanthin D. salina mutants [Jin et al., 2003] 
Echinenone Botryococcus braunii [Matsuura et al., 
2012] 
Fucoxanthin Phaeodactyllum tricornutum [Kim et al., 2012] 
Phytoene and 
phytofluene 
Specific metabolic inhibitor treated D. salina [von Oppen-Bezalel, 
2009] 
 
Although many microalgae strains have been discovered to be producing different 
carotenoids of commercial interest (Table 1.2), the dominant carotenoid typically constitutes 
only 70% of the total carotenoid content, unlike β-carotene and astaxanthin which constitute 
90% of the carotenoids in D. salina and H. pluvialis, respectively (Borowitzka, 2013). The 
presence of other carotenoids in the extracts creates problems in the commercial exploitation 
of these strains for the desired carotenoid. 
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One key aspect of large scale carotenoid production from microalgae is the design and 
construction of photobioreactors catered to the optimum culture conditions required for the 
strain based on its unique physiological and growth characteristics. The various proposed 
designs were reviewed briefly by Guedes et al. (2011a) who concluded that flat panel photo- 
bioreactors could be the standard for industrial production. Several proposed improvements 
to flat panel photobioreactors were flat panels with inner walls arranged to promote an 
ordered horizontal culture flow driven by a mechanical pump, glass sheets glued together 
with silicon rubber, plastic bag located between two iron frames (Guedes et al. 2011a). 
Assuring proper mixing of biomass in the large-scale culture is important for optimum 
growth of microalgae. The parameters affecting mixing in a bioreactor are the volumetric 
flow rate of air, height/diameter (H/D) ratio, and diameter of an air sparger (Yoo et al., 2012). 
A v-shaped bottom design bioreactor was tested and optimised for astaxanthin production and 
was suggested suitable for mass cultivation (Yoo et al., 2012). Recently, the same researchers 
introduced a novel thin film photobioreactor made of cast polypropylene film and tested flat, 
horizontal and vertical tubular shapes of the bioreactors. They concluded that a vertical 
tubular bioreactor with H/D ratio 6:1 and cylindrical stainless steel spargers was the best 
design, achieving astaxanthin productivity as high as 218.6 mg/L (Yoo et al., 2013). 
Harvesting and extraction are two critical areas of carotenoid production from microalgae 
that require severe improvement in order to make it more cost-effective and an attractive 
business venture. The key steps in this process are biomass drying and disruption followed by 
extraction and purification. Several recent studies suggested substantial improvements in this 
area and more research is underway. Among the various methods available for disrupting 
microalgae cells are e.g. milling, ultrasound, microwave, freezing, thawing or chemical 
extraction. Two protocols involving sonication and ball milling in the presence of alumina 
and 4% KOH gave promising results (Ceron et al., 2008; Fernandez-Sevilla et al., 2010) and 
have the potential to become useful in the large-scale production phases. Supercritical fluid 
extraction (SFE) using modified CO2 has become a promising alternative to the classical 
solvent extraction process due to the fact that the former can be less time consuming and 
more efficient and also because of the non-flammable, non-toxic, and relatively inert nature 
of supercritical CO2 (Bravi et al., 2007). However, the requirement of expensive equipment 
to produce supercritical CO2 and the tendency to recover chlorophylls more efficiently than 
carotenoids, leading to the production of extracts with relatively poor specifications, make 
SFE less competitive than solvent extraction (Kitada et al., 2009). A novel method was 
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developed recently using green Monoraphidium sp. where the chlorophyll content was 
removed by the addition of acid (e.g. H2SO4 or HCl) followed by alkali treatment to 
neutralise the acid (Fuji, 2012). An accelerated solvent extraction methodology has been 
proposed that uses a special type of contactor to circulate solvent at high pressure and 
temperature through a tightly packed biomass bed followed by extraction with hexane or 
ethanol (Fernandez-Sevilla et al., 2010). This process yielded high amounts of lutein but the 
high temperature caused the formation of a toxic compound pheophorbide raising concern for 
the process (Fernandez-Sevilla et al., 2010). An environmentally-friendly method was 
proposed by Kang & Sim (2008) for direct extraction of astaxanthin from Haematococcus sp. 
using vegetable oils (e.g. olive oil). The method disrupted the cells by vigourous stirring and 
then separated the oily extracts from culture medium containing cell debris by gravity settling 
giving a recovery of up to 93.9%. 
A different extraction involving wet biomass was recently reported by Kleinegris et al. 
(2011) who used a flat-panel photobioreactor as a turbidostat keeping the number of stressed 
D. salina cells a constant through a continuous, predefined level of irradiation. The system 
consisted of an organic phase containing dodecane that formed an emulsion allowing 
continuous extraction of β-carotene from the aqueous phase. However, low yield of β-
carotene compared to the conventional extraction processes made it unsuitable for 
commercial operations (Guedes et al. 2011a). In a recent study, column chromatography 
coupled with modified supercritical fluids extraction was successfully attempted in 
Nannochloropsis oculata resulting in higher recovery of six carotenoids from soxhlet and 
supercritical fluids extraction (Liau et al., 2011). The recently patented “milking” of 
microalgae technology for biodiesel production involves stimulation of cells through 
electrical modulation causing increase in membrane and cell wall permeability and 
consequently allowing oil droplets to be excreted while maintaining cell viability (Ibañez & 
Cifuentes, 2013) and can also be a useful tool for extracting secondary metabolites including 
carotenoids. 
1.3 Health Benefits of Carotenoids from Microalgae 
Damage of the DNA is generally associated with a high risk of developing diseases. DNA 
damage can be caused by various reactive molecules, including free radicals and singlet 
oxygen which are produced in the body by various external environmental factors (Böhm et 
al., 2012). Carotenoids are known to provide protection against DNA damage although there 
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is lack of agreements between studies due to the findings that carotenoids may act as anti or 
pro-oxidant depending on the carotenoid concentration and the oxygen concentration in the 
cellular environment (Bowen, 2010). Carotenoids that occur in microalgae, but especially 
lycopene from tomatoes were found to protect the intestine against radiation-induced damage 
(Srinivasan et al., 2009; Saada et al., 2010). Human trials revealed that β-carotenes may act 
as a protective nutrient against lung cancer (Heinonen & Albanes, 1994; Omenn et al., 1996). 
However, this effect was not observed in a small group of male heavy smokers which was 
attributed to the absence of vitamin C in them leading to the establishment of a relationship 
between the presence of vitamin C and the behaviour of β-carotenes (Lykkesfeldt et al., 
2000). Studies on the combined effects of ascorbic acid, α-tocopherol and carotenoids (β-
carotene) showed synergistic protective effects for lymphocyte cells (Böhm et al., 1998), 
reconstituted human serum (Yeum et al., 2009), and uroporphyrin-mediated damage (Böhm 
et al., 2001). There is experimental evidence of the prevention of the different phases of the 
atherosclerotic process by lycopene (prevention of endothelial injury, modulation of lipid and 
cholesterol metabolism, inhibition of low-density lipoprotein oxidation, prevention of 
oxysterol-induced cell damage, inhibition of foam cell formation, inhibition of smooth 
muscle proliferation); however, the mechanism of such prevention is not fully understood 
(Palozza et al., 2010). Several studies suggested a lower risk of amyotrophic lateral sclerosis 
(ALS) in individuals with the intake of β-carotene, lutein and lycopene (Okamoto et al., 
2009; Fitzgerald et al., 2013). Fitzerald et al. (2013) attributed the associations between 
carotenoids and lower risk of ALS to the antioxidant activity of the carotenoids that can help 
prevent mitochondrial distress, interruptions of glial glutamate transport, protein aggregation 
or inflammation, thus preventing motor neuron death. 
It has been reported that excess exposure to UVA and UVB radiation from sunlight can cause 
breakage of DNA strands, aberrations of the chromosomes and tumorigenic transformation in 
skin keratinocytes (Wischermann et al., 2008). This can lead to erythema and a high risk of 
skin cancer in the later part of life. Daily exposure to normal sunlight can cause loss of 
collagen fibres and skin elasticity leading to skin ageing (Böhm et al., 2012). β-carotene is 
already well known to ameliorate erythropoietic protoporphyria (Sies & Stahl, 2004a) and it 
has been reported that the combination of lipid and water-soluble compounds, e.g. β-carotene, 
lycopene, vitamin E and C, selenium and proanthocyanidins can reduce erythema from UV-B 
exposure (Greul et al., 2002). In a separate study, lycopene from tomato paste was found to 
provide protection against acute and potentially long-term photo-damage by reducing reactive 
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oxygen species (ROS) leading to less erythema and less singlet oxygen, leading to reduction 
in matrix metalloproteinase (MMP)-1 (Rizwan et al., 2011). These experimental results 
suggest that carotenoids can reduce short and long term sunlight-induced skin damage and 
improve skin health by reducing skin roughness (Heinrich et al., 2006; Darvin et al., 2008). 
Photo-protective effects of β-carotene, lycopene, canthaxanthin, lutein, and natural/dietary 
sources of those carotenoids including tomato products, carrot juice, algal or petal extracts 
were investigated in human intervention studies and the results were extensively reviewed 
(Sies & Stahl, 2004b; Stahl & Sies, 2007; Reuter et al., 2010). Studies on the effects of β-
carotene on sunburn prevention showed positive responses through the ingestion of synthetic 
β-carotene, extracts of natural sources high in β-carotene or antioxidant mixtures with β-
carotene as a major constituent. These studies suggested a dosage of 10 mg/day β-carotene to 
obtain photo-protection (Stahl & Sies, 2012). In a separate study, astaxanthin exhibited a 
pronounced photo-protective effect and counteracted UV-A-induced alterations, e.g. 
apoptosis, increased levels of ROS, decreased antioxidant enzyme activities, membrane 
perturbation, and elevated expression of heme oxygenase-1 to a significant extent (Suganuma 
et al., 2010). Also, fucoxanthin exhibited anti-pigmentation activity in mice by inhibiting 
tyrosinase activity, melanogenesis in melanoma, and UV-B-induced skin pigmentation 
(Shimoda et al., 2010). 
Lutein, zeaxanthin and meso-zeaxanthin, an isomer of lutein, are collectively known as 
macular pigments because of their presence in the macular region and these pigments are 
believed to play a major role in protecting the retina by quenching ROS (Böhm et al., 2012). 
Diets rich in lutein and zeaxanthin are well known to reduce the prevalence of age-related 
macular degeneration (AMD), the leading cause of blindness among elderly people and 
women, who are especially at greater risk than men due to reduced macular pigment (Schalch 
et al., 2007; Tan et al., 2008). Even in healthy populations dietary lutein intervention has 
been reported as important means of maintaining the health of the macula (Nolan et al., 
2011). Daily supplementation dosages ranging from 6 mg to 30 mg showed improved visual 
functions such as contrast and retinal sensitivities, and a reduction in age-related cataracts 
(Olmedilla et al., 2003; Wenzel et al., 2007; Ma et al., 2009; Sasamoto et al., 2011). 
More recent studies suggest that lutein supplementation can benefit driving at night and other 
spatial discrimination tasks carried out under low illumination, besides increasing macular 
pigments density levels and contrast and glare sensitivity (Yao et al., 2013). It has also been 
reported that the diets supplemented by lycopene and β-carotene along with lutein and 
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zeaxanthin can help the fight against AMD, suggesting that lycopene, although not directly 
involved in preventing AMD, can protect the other carotenoids from oxidation and help 
increase their bioavailability (Cardinault et al., 2005; Blume-Peytavi et al., 2009). Clinical 
trials also suggested that tomato-rich diets containing lycopene can lower the incidence of 
prostate cancer (Giovannucci et al., 2002; Giovannucci, 2005; Salem et al., 2011), although 
contradictory results were reported as well (Peters et al., 2007; Kristal et al., 2010). 
Although inverse relationship between several degenerative diseases and dietary intake of 
carotenoids or their blood or tissue concentrations were reported in many clinical studies, a 
high inter-individual variability was observed in absorption, and the responses of blood and 
tissue of dietary carotenoids (Borel, 2012). Such variation was attributed to the genetic 
variants in genes encoding for the proteins involved in carotenoid metabolism. It was 
reported that different alleles in single nucleotide polymorphisms located in or near several of 
the genes encoding these proteins caused the varied blood and tissue concentrations of 
carotenoids (Borel, 2012). Different mechanisms were described regarding the absorption and 
assimilation of carotenoids in humans. Carotenoids may be cleaved into retinoids and apo-
carotenals after their absorption from the gut. Alternatively, the carotenoids can be 
assimilated into lipoproteins and later secreted in the blood stream (Castenmiller & West, 
1998). Two enzymes (BCMO1 and BCDO2) have been identified that are responsible for the 
bioconversion of β-carotenes; the reaction mechanisms and substrate specificity have been 
reviewed by Lietz et al. (2012). 
The series of conjugated double bonds in carotenoids make them susceptible to oxidative 
cleavage. Cleavage of these double bonds causes the formation of a large number of 
carbonyl-containing oxidation products called apocarotenoids (Sharoni et al., 2012). Studies 
have suggested that such apocarotenoids are biologically active as anticancer agents, e.g. by 
growth inhibition of leukemia cells (Nara et al., 2001), estrogen-dependent breast and 
androgen-dependent prostate cancer cells (Sharoni et al., 2012). Additionally, carotenoid 
oxidation products have been reported to modulate the activity of various transcription 
systems including ligand activated nuclear receptors e.g. the retinoic acid receptor, retinoid X 
receptor, peroxisome proliferator-activated receptor, estrogen receptor, and the 
electrophile/antioxidant response element pathway and nuclear factor-kB, the transcription 
systems that have an important role in cancer (Sharoni et al., 2012). Thus, it has been 
concluded that apocarotenoids are natural compounds with multifunctional activity and can 
be useful in the prevention of cancer and other degenerative diseases. The formation of new 
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blood vessels determines the growth of tumours and the development of metastases. It has 
been reported that β-carotene treatment causes significant reduction in the number of tumour-
directed capillaries as well as the reduction of serum vascular endothelial growth factor the 
proinflammatory cytokines (Guruvayoorappan & Kuttan, 2007). The treatment of melanoma 
cells with β-carotene in vitro also showed similar reduction of these cytokines 
(Guruvayoorappan & Kuttan, 2007).  
Provitamin A carotenoids (β-carotenes, α-carotenes and β-cryptoxanthin) from plant sources 
are additional major dietary components for vitamin A for most parts of the world, including 
developed countries, where highly restrictive diets using a strong dietary regime eliminating 
certain categories of food might create risk of vitamin A insufficiency (Weber & Grune, 
2012). Vitamin A plays a significant role in cell differentiation, embryonic and vision 
development, growth hormone production, glycoprotein synthesis, and carcinogenesis (Luo et 
al., 2006; Marceau et al., 2007). Besides proven evidence of provitamin A activity, β-
carotene has been hypothesised to play an important role in body fat reserve reduction/control 
(Grune et al., 2010 Amengual et al., 2011). Weber & Grune (2012) reviewed the β-carotene 
intake in industrialised countries from available literature and concluded that 35% of current 
vitamin A intake was coming from β-carotenes. They recommended a combination of both 
components (vitamin A and β-carotenes) in the diets to reach the recommended daily dietary 
intake of vitamin A. 
1.4 Current Biotechnological Application of Carotenoids 
Carotenoids have long been used as food colourants and as dietary supplements in fish and 
shellfish hatcheries. However, the recent discoveries of their health benefits have extended 
their application to other sectors. As mentioned previously, astaxanthin and β-carotene from 
microalgae have been marketed by several companies in different parts of the world. For 
example, BioAstin® is being marketed by Cyanotech and sold as a dietary supplement with 
approval from the U.S. Food and Drug Administration (FDA). The company claims that 
BioAstin® is sold to address various health markets e.g. joint health, general health, sports 
nutrition and suncare products. Algatechnologies is marketing the product AstaPure™ which 
is derived from H. pluvialis. The product is available in several forms, e.g. powder, emulsion, 
softgel, beadlets. On the other hand, the astaxanthin from Mera Pharmaceuticals is called 
AstaFactor® and it is sold in rejuvenating and sports formula, and also as a combination of 
salmon oil, fish and astaxanthin called “salmon essentials”. The highest variation of 
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astaxanthin products is marketed by AstaReal AB, a Swedish biotech company with the 
product name AstaREAL® and the retail products Astaxin® for human dietary 
supplementation and NOVASTA®/Astaequus® for animals. 
Nikken Shohonsha markets their β-carotene products as “Dunaliella” and “Dunalliela Hard 
Capsules” and they are sold as human dietary supplements. The other β-carotene producer 
BASF has the product name Lucarotin® and mainly sells them to the aquaculture and poultry 
industries. However, they are listed as a human dietary supplement as well. 
1.5 Preservation of carotenoids 
Carotenoids are well protected in the natural environment as they are incorporated with 
lipoprotein or membranes but in isolation or transformation to solutions, they are very 
susceptible to isomerisation and oxidative degradation (Arimboor et al., 2014). Carotenoids 
are degraded during processing and storage due to radical mediated oxidation as a result of 
exposure to light and high temperature. Moreover, oxygen availability, oxidative enzymes, 
lower pH, catalytic metals, presence of unsaturated lipids and pro-oxidants in the biomass 
accelerates the degradation of carotenoids (Arimboor et al., 2014). The favourable conditions 
for oxidation enhance isomersation by conformations of trans-carotenoids (naturally 
predominant forms) to cis forms thereby affecting the stability, bioavailability and 
physiological properties of carotenoids. For example, β-carotene is documented to have less 
bioactivity in its cis form than the trans forms (van Hof et al., 2000; Boon et al., 2010). The 
conditions reported to have protective roles of carotenoids include presence of antioxidants 
and lower moisture activity (Arimboor et al., 2014).   
 
The processing conditions can cause stress to the cell walls providing protection to 
carotenoids and expose them to oxidative enzymes and other degradation enhancing agents 
(Giuffrida et al., 2013; Pugliesea et al., 2013). In case of microalgae, the processing 
procedures after carotenoid induction such as dewatering and harvesting of biomass, drying 
and subsequent packaging and storage condition can greatly affect the stability of the 
carotenoids. Many studies have confirmed the susceptibility of astaxanthin, the most 
expensive carotenoid to light, high temperature, and air exposure leading to the conclusion 
that storage at below 4
o
C under vacuum in the dark with liquid nitrogen could significantly 
reduce degradation and protect the stability of astaxanthin for more than a year (Gouveia & 
Empis, 2003; Raposo et al., 2012; Miao et al., 2013). 
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However, the effects of other processing conditions such as drying methods, and harvesting 
techniques on astaxanthin stability have not been studied so far. Such information can be 
highly useful in understanding the most suitable and profitable processing and storage 
methods for obtaining long term stability of astaxanthin and other valuable carotenoids.    
1.6 Phytosterols from microalgae 
Phytosterols or plant sterols belong to the chemical group known as triterpenes and they are 
structurally and functionally similar to cholesterol in the sense that they have four-ring 
steroid nucleus, the 3β-hydroxyl group and often a 5,6-double bond and also because they 
play a major role in maintaining stability of the phospholipid bilayers in cell membranes. The 
differences with cholesterol include the number of carbon atoms in side-chains (cholesterol 
has eight carbons whereas phytosterols have 9 or 10) (Fernandes & Cabral, 2007). Moreover, 
phytosterols can only be obtained by animals through their diets (Francavilla et al., 2012). 
 
Sterols are important constituents of cell membranes being intertwined with phospholipids 
bilayers in all eukaryotes. Through such existence, the sterols play significant roles in the 
maintenance of cellular structural stability, and acclimation to membrane temperature 
(Piepho et al., 2012). Sterols help maintain fluidity and permeability by controlling 
movement of fatty acid chains within the membrane (Dufourc, 2008). More than 200 
different sterols have been reported in plants whereas the most dominant sterol reported in 
animals is cholesterol (Nash et al., 2005; Volkman, 2005). The distribution of sterols in 
plants varies a lot with some species having only one or two whereas some others possessing 
ten or more different sterols (Martin-Creuzburg et al., 2007). Sterols have become useful 
biomarkers for the determination of the origin of organic matter in the sediments due to the 
stability of these compounds over geologic time and thus have been used extensively for 
chemotaxonomic and phylogenetic comparisons (Francavilla et al., 2010). 
 
Phytosterols have become well known for their ability to lower cholesterol. It is well 
established that high total or low density lipoprotein (LDL) cholesterol is the major 
contributor to coronary heart disease (CHD) as well as morbidity and mortality in developed 
countries and 1% reduction in total cholesterol may reduce the risk of CHD by 3% 
(Fernandes & Cabral, 2007). 
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The cholesterol lowering ability of phytosterols was first reported in 1951 which led to the 
development of the product Cytellin
TM
 marketed by Eli Lilly. Phytoterols reduce the 
intestinal absorption of dietary and biliary cholesterol and studies have suggested that an 
intake of 2 g/ day can cause 10% reduction in the levels of LDL cholesterol in the blood and 
for this reason phytosterols have been used as additives in various food items such as fat 
spread, yoghourt and milk during processing (Carmona et al., 2010). Besides lowering of 
cholesterol, phytosterols have been reported to be involved in anti-inflammatory and anti-
atherogenicity, anti-cancer and anti-oxidative activities. In addition, evidences have been 
found that phytosterols provide protection against nervous system disorders such as 
autoimmune encephalomyelitis, amyotrophic lateral sclerosis or alzheimer's disease (Kim et 
al., 2008; Breitner & Welsh-Bohmer, 2000).  
 
Phytosterols are also used as raw materials for therapeutic steroids through processes 
involving bio and chemical transformations and the world market for such steroids was 
estimated at 1000 tonnes per year. In addition, phytosterols have already been introduced in 
the cosmetics industries e.g. in creams and, lipstick (Fernandes & Cabral, 2007; Table 1.3).  
 
Table 1.3. Biotechnological applications of phytosterols 
Product Brand/manufacturer 
Food additives: 
Margarine spreads  
cream cheese spreads 
mayonnaise 
yoghurt 
snack bars 
Benecol®, Becel®, Meadow Lea® 
Drugs: 
Tablets 
Pros-TEROL™, CHOLESTATIN™, 
ChoLESStolife® 
Dietary supplement PinVita™, DHC Japan, NutritionBay™ 
Nutraceuticals, Cholesterol control™, 
CholesLo, Now ®, Source Naturals® 
Skin Care Lipex® PreAct 
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Table 1.4. Comparison of phytosterol levels in food and microalgae. 
Food Sterol Content 
(mg/100g) 
References 
Vegetable oil (crude):  Fernandes & 
Cabral, 2007 
Corn 850  
Rapeseed 820  
Sunflower 430  
Soya 350  
 
Vegetables and fruits: 
  
Cauliflower 
Broccoli 
Alfalfa shoots 
Avocado 
Chinese cabbage 
Brussels sprouts 
Blueberry 
410 
341 
338 
293 
279 
239 
217 
Piironen et al., 2003 
 
Microalgae: 
  
Dunaliella tertiolecta 
Dunaliella salina 
1130 
889 
Francavilla et al., 
2010 
 
Among the various sources of phytosterols (Table 1.4), microalgae produce a very wide 
range of phytosterols including brassicasterol, sitosterol and stigmasterol depending on the 
taxonomic affiliation of the alga (e.g. Patterson et al. 1993; Volkman 2003), and the sterol 
content can be manipulated by changing growth conditions (Fabregas et al. 1997), and they 
have been shown to have in vivo bioactivity (Francavilla et al. 2012). These algal 
phytosterols may find uses in pharmaceutical applications or be used in functional foods 
(Details provided in chapter 5). The global phytosterol market is currently worth about US$ 
300 million and growing at about 7–9 % per annum. The main sources of phytosterols 
currently are pine tall oil and soy deodorised distillates which are marketed by companies 
such as Danisco, both as free and as esterified sterols (Borowitzka, 2013). However, 
47 
 
microalgae phytosterols have still remained an unexplored research area despite the various 
health benefits from sterol compounds being reported recently. 
 
 
Aims of the study 
 
I. To profile microalgal isolates for carotenoids, antioxidant capacity and phytosterols 
and to identify high producing strains  
II. To develop and optimise methods to induce carotenoid accumulation in microalgae 
through 
 Oxidative stress 
 UV-radiation 
 Plant hormones 
III. To identify suitable drying and preservation methods of carotenoids to ensure longer 
shelf life 
IV. To develop and optimise methods to induce phytosterol accumulation in microalgae 
through 
 Osmotic shock 
 Oxidative stress 
 UV-radiation 
 Nutrient manipulation 
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Chapter 2: Profiling of carotenoids and antioxidant capacity of microalgae 
from subtropical coastal and brackish waters  
 
 
 
Adapted from “Faruq Ahmed, Kent Fanning, Michael Netzel, Warwick Turner, Yan Li & 
Peer M Schenk (2014) Profiling of carotenoids and antioxidant capacity in microalgae from 
subtropical coastal and brackish waters. Food Chemistry 165, 300-306.” 
 
 
 
Highlights 
 
 Carotenoid profiles and antioxidant capacity data of microalgae are presented. 
 Tetraselmis suecica and Dunaniella salina are the most promising candidates. 
 Total phenolics contents in microalgae were relatively low.  
 Antioxidant capacity was comparable or higher than in plants. 
 Carotenoid accumulation should be further induced by biotic or abiotic stress. 
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2.1 Introduction 
 
Carotenoids are found mostly in green leafy and yellow coloured vegetables and orange-
coloured fruits. Carotenoids are lipophilic compounds and have been divided into carotenes 
and xanthophylls based on their chemical structure. The carotenes are hydrocarbons whereas 
the xanthophylls have oxygenated functional groups making them more polar than the 
carotenes (Stahl & Sies, 2012). Carotenoid pigments provide protection to the photosynthetic 
apparatus in plants by dissipating excess energy. They also have a major role in 
photosynthesis by harvesting light and by stabilising protein folding in the photosynthetic 
apparatus. Carotenoids quench singlet oxygen which mainly arises from sunlight absorption 
by chromophores and thus protect chlorophylls, lipids, proteins and DNA from oxidative 
damage. More than 600 different carotenoids are known to be present in nature and their 
distribution, molecular structure or the presence of specific biosynthesis pathways have been 
suggested as useful tools for algal classification (Ibañez & Cifuentes, 2013). 
 
Carotenoids have been used as feed for aquaculture and as food colourants for many decades 
and are increasingly becoming popular as dietary supplements. Carotenoids are known as 
important antioxidants for human health and there is evidence that they are involved in other 
biological functions, e.g. regulatory effects on intra- and intercellular signalling and gene 
expression (Stahl & Sies, 2012). Several trials have reported that carotenoids can protect 
from lung cancer, amyotrophic lateral sclerosis, and several other degenerative diseases 
(Ibañez & Cifuentes, 2013). Diets rich in carotenoids (in particular, lutein and zeaxanthin) are 
well known to reduce the prevalence of age-related macular degeneration (Schalch et al., 
2007). There are also reports that carotenoids can protect human skin against UV-induced 
damage (Stahl & Sies, 2012). Therefore, it has been suggested that increasing the carotenoid 
content in food can lead to the improvement of the nutritional quality of the diet, as high 
conservation of fundamental cellular signalling processes and protective mechanisms are 
observed in nature (Stahl & Sies, 2012). 
 
Among the various sources of carotenoids, microalgae have recently created a wide interest 
due to several advantages: they are relatively easy to cultivate, do not need to compete with 
food production, and can adapt to environmentally changing conditions by producing a great 
variety of secondary metabolites. The biosynthesis of carotenoids can be triggered by 
controlling the cultivation conditions. Moreover, microalgae can also be used to purify and 
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take up nutrients from wastewater (Ibañez & Cifuentes, 2013). Two microalgal strains, 
Dunaliella salina and Haematococcus pluvialis are well known to accumulate β-carotene (up 
to 14% dry weight (DW)) and astaxanthin (2–3% DW), respectively, under stress conditions 
(Ibañez & Cifuentes, 2013). The carotenoids from these two strains are already used as food 
colouring agents, vitamin supplements for food and animal feed, as well as additives to food 
and cosmetics (Hu et al., 2008). Muriellopsis sp. is being studied as a promising candidate 
species for commercial production of lutein due to its high growth rate and lutein content (up 
to 35 mg L
-1
; Eonseon et al., 2003). Chlorella vulgaris has also been reported as a high 
producer of lutein (Plaza et al., 2009). Chlorella ellipsoidea has been reported to produce 
violaxanthin, coupled with two other xanthophylls, viz. antheraxanthin and zeaxanthin (Plaza 
et al., 2009). Recently, there has been interest in fucoxanthin, a carotenoid available in brown 
algae and diatoms, due to claims that it can inhibit cell growth and induce apoptosis in human 
cancer cells and that it possesses anti-inflammatory, anti-oxidant, anti-diabetic and anti-
obesity properties (Maeda et al., 2005). However, screening studies comparing carotenoid 
profiles of different algal strains have been studied scarcely so far, with contents reported for 
15 strains of chlorophycean (del Campo et al., 2000) and 65 strains of red algae (Schubert & 
Garcia-Mendoza, 2006). 
 
The oxidative damage caused by reactive oxygen species on lipids, proteins and nucleic acids 
may trigger various chronic diseases, such as coronary heart disease, atherosclerosis, cancer 
and ageing. Epidemiological studies have demonstrated an inverse association between intake 
of fruits and vegetables and mortality from age-related diseases, such as coronary heart 
disease and cancer which may be attributed to their phytochemicals and antioxidant capacity 
(Charles, 2013). Thus, it is important to identify new sources of safe and inexpensive 
antioxidants of natural origin. Phenolic compounds constitute one of the most numerous and 
ubiquitous groups of phytochemicals which possess a high spectrum of biological activities, 
including antioxidant, antiinflammatory, and antimicrobial functions. A large body of 
preclinical research and epidemiological data suggest that plant phenolics can slow the 
progression of certain cancers and reduce the risks of cardiovascular disease, 
neurodegenerative diseases, and diabetes (Kim et al., 2009). Due to these beneficial 
characteristics of phenolic compounds for human health, they have been the focus of 
intensive research (Martins et al., 2011), and there is considerable interest in the application 
of phenolic compounds from plants in the nutraceutical and pharmaceutical industries. Due to 
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the advantages discussed earlier, microalgae rather than vascular plants can potentially be a 
more useful source of these bioactive compounds. 
 
Although macroalgae have received much attention as a potential source of natural 
antioxidants (Duan et al., 2006), there has been very limited information on antioxidant 
capacity of microalgae. There are a number of reports on the evaluation of antioxidant 
capacity of some species belonging to the genera Botryococcus (Rao et al., 2006), Chlorella 
(Wu et al., 2005), Dunaliella (Herrero et al., 2006), Nostoc (Li et al., 2007), Phaeodactylum 
(Guzmán et al., 2001), Polysiphonia (Duan et al., 2006), Scytosiphon (Kuda et al., 2005), 
Arthrospira (Herrero et al., 2005; Jaime et al., 2005) and Synechocystis (Plaza et al., 2010).  
 
In this study, we present carotenoid profiles of 12 microalgal strains collected from 
subtropical marine and brackish waters of commercial interest especially in the aquaculture 
industry. We also present for the first time antioxidant capacity data of these microalgae to 
identify local strains with the highest potential for large-scale cultivation. Such information 
will help to identify the usefulness of these microalgal strains for human health as food 
additives or as dietary supplements. 
 
2.2. Materials and methods 
 
2.2.1. Chemicals 
Chemicals were purchased from Merck (Kilsyth, VIC, Australia) or Sigma–Aldrich (Castle 
Hill, NSW, Australia) and were of analytical or HPLC grade. Lutein, zeaxanthin and β-
cryptoxanthin, astaxanthin and β-carotene were purchased from Extrasynthese (Genay, 
France). Milli-Q water was used throughout unless otherwise stated. 
 
2.2.2. Preparation of microalgal samples 
Out of several hundred microalgal isolates that were collected in coastal or brackish water 
and maintained at the Algae Biotechnology Laboratory at the University of Queensland, 
Australia, 12 strains were selected, mainly based on their rapid growth and ease of handling 
compared to many other cultures. The microalgal strains Dunaliella salina, Isochrysis 
galbana, Nannochloropsis sp. BR2, Pavlova lutheri, Pavlova salina, Chaetoceros muelleri, 
Chaetoceros calcitrans, Tetraselmis chui, Tetraselmis suecica, Tetraselmis sp. M8 have been 
described previously (Lim et al., 2012). Phaeodactylum tricornutum, and Dunaliella 
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tertiolecta were supplied by CSIRO’s collection of living microalgae (Strain IDs: CS 29/8 
and CS 175/8; Genbank accessions EF140622.1 and EF537907.1; respectively). Pure cultures 
were obtained and 18S rDNA sequencing was carried out as described previously (Lim et al., 
2012). Microalgal cultures were inoculated from master cultures in 250 mL flasks with F/2 
media (AlgaBoost™ F/2 2000x). When they reached the late exponential growth phase 
(doubling times were twice as long as during highest exponential growth), the cultures (100 
mL) were centrifuged, the supernatant was decanted and the remaining biomass was washed 
in MilliQ water before freeze-drying. The freeze-dried samples were kept at -20
o
C until 
extraction. 
 
2.2.3. Analysis of carotenoids 
The carotenoid extraction was based on a previously published method (Fanning et al., 2010) 
with slight modifications. The samples were crushed using a mortar and pestle and then 
weighed (10–60 mg) into 50 mL Falcon tubes. The samples were then kept on ice throughout 
the extraction. A total of 10 mL acetone was added to the samples followed by vortexing. 
Then, 10 mL hexane and 5 mL 10% NaCl were added. The mixture was vortexed and then 
centrifuged at 3000xg at 4
o
C for 3 min. The top layer of the supernatant was then transferred 
to another Falcon tube and another 10 mL hexane was added followed by vortexing. The 
process was repeated until the supernatant became colourless. The combined hexane fractions 
were then dried in a centrifugal evaporator prior to being reconstituted in 2.5 mL methanol/ 
dichloromethane (50/50, v/v) for HPLC analysis. 
The HPLC-PDA analysis was undertaken as previously described (Fanning et al., 2010) with 
only minor modifications to the gradient. The following 54 min gradient was used: 0 min, 
80% phase A; 48 min, 20% phase A; 49 min, 80% phase A; 54 min, 80% phase A (phase A – 
92% methanol/8% 10 mM ammonium acetate, phase B – 100% methyl tert butyl ether). The 
extracts (20 µL) were injected onto a YMC C30 Carotenoid Column, 3 µm, 4.6 x 250 mm 
(Waters, Milford, MA, USA). Using the HPLC conditions described above, an MS scan was 
undertaken between 530 and 610 mass units in the APCI+ mode (Fu et al., 2012), using the 
following system and conditions. An Acquity UPLC H-Class system connected to a Quattro 
Premier triple quad (Micromass MS Technologies, Waters Corporation, Milford, MA, USA) 
was used. Source temperature and probe temperature were 150
o
C and 600
o
C, respectively, 
desolvation and cone gas flow were 450 L/h and 50 L/h, respectively, and corona, cone and 
extractor voltages were 5.0 µA, 30 V and 3 V, respectively. 
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The carotenoids were identified by comparison of retention times, UV/Vis spectra and mass 
spectra against authentic standards (Lu et al., 2009), and the concentrations of the identified 
carotenoids were determined using individual calibration curves. Furthermore, an epoxide 
test as described by Dugo et al. (2008) was conducted to confirm the identity of some of the 
peaks. Three separately-grown cultures were used for each strain (n = 3). 
 
2.2.4. Antioxidant capacity 
The freeze-dried samples were crushed using a mortar and pestle and then weighed (10–100 
mg) into 50 mL Falcon tubes. The samples were then stored on ice throughout the extraction. 
Extractions were conducted separately by addition of 10 mL water, hexane or ethyl acetate. 
These solvents were used to detect which one would be the most suitable to obtain the highest 
yield of antioxidants. The solvents were also expected to extract different types of 
antioxidants due to their varied chemical nature. The mixture was vortexed and then 
centrifuged at 3000xg in 4
o
C for 10 min. The supernatants were transferred to clean Falcon 
tubes. The extraction procedure was repeated until the supernatants were colourless. The 
supernatant was then dried in a centrifugal evaporator and reconstituted in 5 mL water (water 
extracts) or 5 mL isopropanol (ethyl acetate and hexane extracts). 
For measuring the reducing capacity of the microalgal samples, the total phenolic assay by 
Folin–Ciocalteu reagent, was used as described previously (Schlesier et al., 2002; Singleton 
and Rossi, 1965). In brief, the extracts (25 µL) were loaded in 96 well-plates and 125 µL of 
Folin–Ciocalteu reagent and 125 µL sodium carbonate were added. The absorbance was read 
at 750 nm in a PerkinElmer VICTOR 2030 multilabel counter (PerkinElmer, Waltham, MA, 
USA). Gallic acid monohydrate was used as a standard for calculating the amount of total 
phenolics in the samples and was expressed as Gallic Acid Equivalents (GAE)/g DW of 
microalgae and calculated as mean value ± SD (n = 3; from separately-grown cultures). 
For measuring the radical absorbance capacity, the oxygen radical absorbance capacity 
(ORAC) assay as described by Huang et al. (2002) was used. In brief, 20 µL of the diluted 
samples (1:50 with 75 mM phosphate buffer, pH 7.0) was loaded in black 96 well flat bottom 
plates. The same amount of trolox (6.25–100 µM) and phosphate buffer were used in the 
plates as standard and blank, respectively. Then 200 µL fluorescein solution (92 µM) was 
added and the mixture was incubated at 37
o
C C for 8 min in a PerkinElmer VICTOR 2030 
multilabel counter. Then 25 µL AAPH (2,2-azobis(2-methylpropionamidine) 
dihydrochloride; 79.65 mM) was added to the mixture to start the reaction and the 
fluorescence was recorded every 2 min for 90 min. Samples were assayed at an excitation 
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wavelength of 490 nm and an emission wavelength of 515 nm. The oxygen radical 
absorbance capacity of the samples was expressed as µmol Trolox Equivalents (TE)/g DW of 
microalgae and calculated as mean ± SD (n = 3; from separately grown cultures). 
 
2.2.5. Statistical analyses 
The data for total carotenoids, phenolics and antioxidant capacity (ethyl acetate, hexane, and 
water extracts) of the 12 microalgal strains were compared by one-way ANOVA and Tukey’s 
HSD tests were used to compare differences between strains. Differences were considered 
significant when p values were below 0.05. 
 
2.3. Results and discussion 
2.3.1. Carotenoid profiles of microalgae 
The present study reports on carotenoid profiles and contents as well as antioxidant capacity 
of 12 microalgae species from subtropical coastal and brackish waters. Eight carotenoids, 
namely trans-violaxanthin, antheraxanthin, astaxanthin, lutein epoxide, lutein, zeaxanthin, α- 
and β-carotene (Fig. 2.1) were identified as major carotenoids in some of the various species 
studied (Table 2.1). The epoxide test confirmed the identity of lutein epoxide as the peak 
disappeared after the addition of 0.1 M HCl. There were two other major carotenoids, which 
were tentatively identified as cisisomers of violaxanthin or neoxanthin (Table 2.1). Due to the 
lack of a cis-violaxanthin or cis-neoxanthin standard and the similarity in the UV/Vis and 
mass spectra of these compounds there was no basis for further differentiation since an NMR 
system was not available. However, the acidification of the extract (epoxide test) showed 
changes in the absorbance spectra of the tentatively identified peaks, with a decrease of 
around 20 nm, and appearance of neochrome was observed. This is in similarity with the 
findings of Dugo et al. (2008) who reported disappearance of neoxanthin, violaxanthin and 
antheraxanthin peaks due to acidification of saponified samples of orange juice. Both the 
carotenoid profile (Table 1) and total carotenoid content (Fig. 2.2) showed large variation 
between different strains. β-carotene was present in all of the 12 strains and it was the 
dominating carotenoid in Tetraselmis sp. M8 (49.9%), and T. chui (38.1%; Table 2.1). Trans- 
violaxanthin was also detected in all strains, except P. tricornutum and was the most 
dominating carotenoid in Nannochloropsis sp. BR2 (52.5%). The next abundant carotenoids 
were lutein and its epoxide dominating the carotenoid levels in D. salina (65.2%) and D. 
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tertiolecta (lutein: 21.8 and lutein epoxide: 13.3%; Table 2.1). The tentatively identified cis-
isomers of violaxanthin and neoxanthin were the most 
dominant carotenoids in C. muelleri (85%), P. tricornutum (82.4%), C. calcitrans (78%), P. 
salina (75.9%), I. galbana (63.8%), and P. lutheri (44.1%; Table 2.1). Astaxanthin was 
detected only in two strains (T. suecica and Nannochloropsis sp. BR2) and was present in 
substantial quantities in T. suecica (38.8%). Statistical tests showed significant differences in 
total carotenoids among the 12 microalgal strains (one-way ANOVA; p < 0.001). D. salina 
(6.879 mg/g DW) had the highest total carotenoid content among the 12 strains evaluated 
(Tukey’s test; p < 0.001), followed by T. suecica (5.807 mg/g), I. galbana (5.035 mg/g) and 
P. salina (4.678 mg/g; Fig. 2.2) whereas D. tertiolecta had the lowest content with 1.053 
mg/g. Based on the results of Tukey’s test, it can be concluded that there were three 
statistically similar groups: the first containing D. salina only, the second containing I. 
galbana, P. salina and C. muelleri, (T. suecica remaining in between these two groups) and 
the third containing the remaining seven strains (Fig. 2.2). The commercially produced 
carotenoid, astaxanthin was found in substantial quantities (38.8%; 2.3 mg/g DW) in T. 
suecica confirming its suitability for further studies for large-scale cultivation as a potential 
commercial astaxanthin producer. T. suecica has already been used as a source of astaxanthin 
in feeding trials of the calanoid copepod Acartia bifilosa (Holeton et al., 2009). Zeaxanthin, a 
carotenoid important in prevention of age-related macular degeneration, age-related cataract 
formation and ophthalmoprotection in visual processes (Schalch et al., 2007), was found as a 
minor component only in D. salina and D. tertiolecta. The present study found D. salina to 
be a rich source of lutein (65.2%; 4.5 mg/g). The content is slightly lower than the Taiwanese 
D. salina strain (6.55 mg/g) reported by Hu et al. (2008) although the cultivation conditions 
of the strain were not discussed by the authors. The results are coincident with the findings of 
Perez-Garcia et al. (2011) that Dunaliella sp. can possess lutein up to 14% body weight under 
autotrophic condition. The only carotenoid that was found across all microalgal species, as a 
major component, was β-carotene, and as expected, the highest amount was found in D. 
salina. This strain is already well known for its ability to produce high amounts of β-carotene 
(up to 14% DW; Ibañez & Cifuentes, 2013) under high salinity, high temperature, high light 
intensity and nitrogen limitation and is used in production plants in Australia, China, India 
and Israel (Borowitzka, 2013). Several other Dunaliella species (e.g. Dunaliella bardawil) 
have also been reported to produce high amounts of β-carotene (Mogedas et al. 2009) but D. 
tertiolecta used in this study did not have enough β-carotene to justify its use in further 
carotenoid studies. Some successful astaxanthin biosynthesis induction techniques, e.g., high 
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irradiance, nutrient deprivation (nitrogen and phosphorus) in H. pluvialis have been reviewed 
(del Campo et al., 2007) and could be attempted with T. suecica to try to make it a 
commercially suitable alternative to H. pluvialis. Lutein and its isomer were found in almost 
all strains, with the content in D. salina being as high as the ones reported in Muriellopsis sp., 
Scenedesmus almeriensis, Chlorella protothecoides and Chlorella zofingiensis (Blanco et al., 
2007; del Campo et al., 2007; Shi et al., 2006). Based on high lutein contents, I. galbana, and 
P. salina could also be considered other candidates for further studies for induction of lutein 
biosynthesis.
 
 
Figure 2.1. Representative HPLC chromatogram of carotenoids extracted from microalgae 
monitored at 450 nm. Numbered peaks indicate (1) putative violaxanthin/neoxanthin isomer, 
(2) putative violaxanthin/ neoxanthin isomer, (3) trans-violaxanthin, (4) antheraxanthin, (5) 
astaxanthin, (6) lutein epoxide, (7) lutein, (8) zeaxanthin, (9) α-carotene, and (10) β-carotene 
isomers. 
57 
 
 
 
 
Figure 2.2. Ranking of 12 microalgal strains by total carotenoid contents (sum of 
identified/tentatively-identified carotenoids). Shown are mean values and SEs from three 
separately-grown cultures for each strain. 
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Table 1. Characteristics and concentration (avg ± sd, µg/g DW and % of total) of carotenoids in 12 microalgae strains from subtropical coastal and brackish water. 
Peak Carotenoid tR 
(min) 
λmax 
(nm) 
m/z Dunaniella 
salina 
 
Dunaniella 
tertiolecta 
 
Tetraselmis 
sp. M8 
Isochrysis 
galbana 
Tetraselmis 
chui 
Tetraselmis 
suecica 
Pavlova 
salina 
 
Pavlova 
lutheri 
Chaetoceros 
muelleri 
 
Nannochloropsis 
sp. BR2 
Phaeodactyllum 
tricornutum 
 
Chaetoceros 
calcitrans 
 
1 Putative 
violaxanthin 
/neoxanthin 
isomer 
5.6 449 600, 
582 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. 127±59 
(9) 
2105±208 
(47) 
n.d. n.d. n.d. 
2 Putative 
violaxanthin 
/neoxanthin 
isomer 
6.6 449 582 n.d. 360±81 
(34) 
 
n.d. 3205±53 
(64) 
n.d. n.d. 3545±112 
(76) 
450±160 
(35) 
1672±132 
(38) 
n.d. 2404±100 
(82) 
 
1795±10 
(78) 
 
3 Trans-
violaxanthin 
7.2 440 602 619±104 
(9) 
100±40 
(9) 
229±21 
(11) 
 
244±32 
(5) 
 
546±227 
(21) 
1408±68 
(24) 
 
267±69 
(6) 
 
147±4 
(13) 
375±58 (8) 
 
1078±371 (52) 
 
n.d. 338±19 
(15) 
4 Antheraxanthin 10.2 446 585 279±30 
(4) 
42±16 
(4) 
 
126±19 
(6) 
n.d. 201±9 
(8) 
825±45 
(14) 
 
n.d. n.d. n.d. 165±63 (8) 
 
n.d. n.d. 
5 Astaxanthin 10.6 470 597 n.d. n.d. n.d. n.d. n.d. 2261±281 
(39) 
n.d. n.d. n.d. 321±107 (16) 
 
n.d. n.d. 
6 Lutein 12.8 445 552 4494±435 
(65) 
207±66 
(22) 
 
665±78 
(31) 
1194±269 
(23) 
 
624±23 
(26) 
484±121 
(8) 
 
n.d. n.d. n.d. n.d. n.d. n.d. 
7 Lutein epoxide 11.5 446 583 n.d. 153±88 
(13) 
 
n.d. n.d. n.d. n.d. 521±241 
(11) 
438±227 
(32) 
146±113 (3) n.d. 280±25 (10) 
 
n.d. 
8 Zeaxanthin 14.1 450 570 122±16 
(2) 
43±21 
(4) 
 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
9 Alpha carotene 27.2 n/d n/d 126±8 
(2) 
12±3 
(1) 
 
30±5 
(2) 
n.d. 174±10 
(7) 
202±19 
(4) 
56±19 
(1) 
n.d. n.d. n.d. n.d. n.d. 
10 Betacarotene 29.5 452 538 1235±11 
(18) 
 
136±30 
(13) 
 
1057±168 
(50) 
393±83 
(8) 
 
941±23 
(38) 
 
626±62 
(11) 
 
288±22 
(6) 
 
139±33 
(11) 
 
159±46 
(4) 
446±13 
(24) 
 
209±39 
(8) 
 
169±8 
(7) 
 
n.d.: not detectable 
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Figure 2.3. Total phenolic content of ethyl acetate (A), hexane (B) and water (C) extracts of 
microalgal strains. Shown are mean values and SEs from three separately-grown cultures for 
each strain. 
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2.3.2. Antioxidant capacity of microalgae 
The total phenolic content varied from 0.068 mg GAE/g DW (D. tertiolecta hexane extract) 
to 1.54 mg GAE/g DW (D. salina ethyl acetate extract) for different microalgal species and 
also for different extracts. Among the three solvents used for extraction, ethyl acetate extracts 
had the highest yields for all microalgal species (Fig. 2.3). D. salina (ethyl acetate: 1.54 mg 
GAE/g DW; hexane: 0.32 mg GAE/g DW) and T. suecica (ethyl acetate: 0.77 mg GAE/g 
DW; hexane: 0.3 mg GAE/g DW) had the highest total phenolic content among all species in 
both, ethyl acetate and hexane extracts (Tukey’s test; p < 0.001; Fig. 2.3). However, in water 
extracts, the highest values were obtained for I. galbana (0.235 mg GAE/g DW) and P. 
lutheri (0.225 mg GAE/g DW; Tukey’s test; p < 0.001; Fig. 2.3). The results of Tukey’s test 
for ethyl acetate and hexane extracts clearly indicate statistical differences of D. salina and T. 
suecica to the other strains, however, for water extracts such distinctive conclusions could not 
be reached. 
The ORAC values varied from 45 (T. suecica hexane extract) to 577 µmol TE/g DW (D. 
salina ethyl acetate extract) (Fig. 2.4). Among the three solvents used for this study, the ethyl 
acetate extracts had the highest ORAC values for all species except I. galbana (ethyl acetate: 
169 µmol TE/g DW; hexane: 207 µmol TE/g DW; water: 149 µmol TE/g DW), and P. 
lutheri (ethyl acetate: 176 µmol TE/g DW; hexane: 126 µmol TE/g DW; water: 273 µmol 
TE/g DW). Among all microalgae tested, D. salina had the highest ORAC values in both 
ethyl acetate (577 µmol TE/g DW) and hexane (288 µmol TE/g DW) extracts (Tukey’s test; 
p < 0.001; Fig. 2.4). In the comparison of ORAC values, the top five species in ethyl acetate 
extracts were D. salina, P. tricornutum, C. muelleri, P. salina and T. suecica, in hexane 
extracts were D. salina, I. galbana, P. salina and Nannochloropsis sp. BR2 and in water 
extracts were P. lutheri, P. tricornutum, P. salina, C. muelleri and T. suecica (Fig. 2.4). 
Similar to total phenolics, the results of Tukey’s test for ethyl acetate and hexane extracts for 
ORAC assays clearly indicated statistical differences of D. salina compared to the other 
strains, whilst for water extracts such distinctive conclusions could not be found. 
Phenolic/polyphenolic compounds are secondary metabolites and stress compounds that are 
involved in chemical protective mechanisms against different factors of biotic (e.g. grazing, 
settlement of bacteria or other fouling organisms) and abiotic (e.g. UV-radiation, metal 
contamination) stresses (Connan & Stengel, 2011). Unlike the findings of Li et al. (2007) and 
Hajimahmoodi et al. (2010), the highest total phenolic contents in the current study were 
found in the ethyl acetate extracts. The current study, however, confirmed very low total 
phenolic levels (<5 mg GAE/g DW), similar to the 23 microalgal strains studied by the 
61 
 
previously mentioned authors. The low total phenolic contents might be due to the culture 
conditions as no oxidative or other stress was provided that might trigger the production of 
more phenolic compounds as described in Spirulina platensis (Kepekçi and Saygideger, 
2012). 
 
The ORAC assay is considered more biologically relevant than diphenyl picryl hydrazyl 
(DPPH) and other similar protocols and is especially useful for extracts when multiple 
constituents co-exist and complex reaction mechanisms are involved (Huang et al., 2005). 
The antioxidant capacity in the species studied was higher than the ones reported previously 
(Blanco et al., 2007). The results also differ from the findings of Blanco et al. (2007) who 
reported higher antioxidant capacities in water extracts. This discrepancy might be due to the 
differences of the chemical nature of the compounds that contribute to antioxidant responses 
within the cellular structure of these species. The ORAC values reported in the current study 
(45–577 µmol TE/g DW) are comparable to or higher than those reported for various fruits 
and spice extracts which include blueberry (46 µmol TE/g DW; Prior et al., 1998) and 
strawberry (540 µmol TE/g DW; Huang et al., 2002), but lower than cinnamon (1256 µmol 
of TE/g DW; Su et al., 2007). This confirms the suitability of microalgae as a good source of 
natural antioxidants. 
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Figure 2.4. The oxygen radical absorbance capacity (ORAC) values of ethyl acetate (A), 
hexane (B) and water (C) extracts of microalgal strains. Shown are mean values and SEs 
from three separately-grown cultures for each strain. 
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2.4. Conclusion 
Most of the commercially important carotenoids were found in microalgae from Australia 
which also exhibited a high oxygen radical absorbance capacity comparable to some fruits, 
indicating their potential for further studies to enhance production of bioactive compounds. 
However, there was significant diversity in the carotenoid profiles and contents between the 
species. Based on the results presented here, T. suecica, D. salina, P. salina and I. galbana 
are promising candidate species for further studies to increase the production of specific 
carotenoids through process optimisation e.g. growth conditions, harvesting, extraction, 
downstream processing and advanced biotechnology e.g. genetic or metabolic engineering 
and metabolic flux modelling. 
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Chapter 3: Induced carotenoid accumulation in Dunaliella salina and 
Tetraselmis suecica by plant hormones, UV-C radiation and H2O2/NaOCl 
treatment  
 
 
Adapted from “Faruq Ahmed, Kent Fanning, Michael Netzel & Peer M Schenk (2015) 
Induced carotenoid accumulation in Dunaliella salina and Tetraselmis suecica by plant 
hormones and UV-C radiation. Applied Microbiology and Biotechnology (Accepted; DOI: 
10.1007/s00253-015-6792-x).” 
 
 
Highlights 
 
 Plant hormone MJ and UV-C increased carotenoids in microalga Dunaliella 
salina  
 Plant hormone SA and UV-C also increased carotenoid production in Tetraselmis 
suecica 
 A combination of UV-C and SA further increased carotenoids in T. suecica 
 Treatment with H2O2 increased carotenoids in microalga D. salina 
 NaOCl treatment increased carotenoids in D. salina and T. suecica   
 These treatments may boost industrial carotenoid production in microalgae 
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3.1. Introduction 
 
Carotenoids are 40 carbon chain pigment molecules that are widely distributed in nature 
giving different colors to fruits and vegetables. The main functions of carotenoids include 
providing protection to the photosynthetic apparatus by dissipating excess energy and 
participating in photosynthesis by harvesting light and by stabilizing protein folding in the 
photosynthetic apparatus. Carotenoids also protect chlorophylls, lipids, proteins and DNA 
from oxidative damage by quenching singlet oxygen arising from sunlight absorption by 
chromophores. The 600 different carotenoids identified so far are quite diverse in terms of 
their molecular structure and biosynthetic pathways and therefore such diversity is regarded 
as a useful tool for classification of some taxa (Ibañez & Cifuentes, 2013).  
 
For many decades, carotenoids have been used as feed for aquaculture especially in shellfish 
hatcheries and as colorants in food industry. However, carotenoids have become highly 
popular as dietary supplements due to the discoveries that these compounds play vital roles in 
eye health, immune functions, maintenance of skin hydration, and healthy growth and 
development (Böhm et al., 2012). Studies have shown that diets rich in lutein and zeaxanthin 
can reduce the prevalence of age-related macular degeneration and cataract (Schalch et al., 
2007). Carotenoids act as antioxidants in human bodies and thus have been reported to have 
protective effects against rheumatoid arthritis, muscular dystrophy, cardiovascular problems, 
several cancers (e.g. lung) and degenerative diseases such as amyotrophic lateral sclerosis 
(Fitzgerald et al., 2013; Ibañez & Cifuentes, 2013). There are also reports that carotenoids 
can protect human skin against UV-induced damage (Stahl & Sies, 2012). Moreover, anti-
inflammatory, anti-diabetic and anti-obesity properties of carotenoids have also been reported 
(Maeda et al., 2005).  
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Among the various sources of carotenoids, microalgae created a lot of interest since the 
identification of two highly productive strains, Dunaliella salina and Haematococcus 
pluvialis, more than 30 years ago.  D. salina and H. pluvialis are well known to accumulate 
β-carotene (up to 14% dry weight (DW)) and astaxanthin (2–3% DW), respectively, under 
stress conditions and are currently cultivated for commercial production of these carotenoids 
in different parts of the world (Ibañez & Cifuentes, 2013). Several other microalgal strains 
(e.g. Muriellopsis sp., several species of Chlorella, Phaeodactyllum tricornutum, 
Botryococcus braunii) have been studied for production of various other carotenoids and this 
has been recently reviewed by Borowitzka (2013). Microalgae are particularly interesting as a 
source of carotenoids due to the advantages that their cultivation can be done on non-arable 
areas avoiding competition with food production and they can adapt to environmentally 
changing conditions by producing a great variety of secondary metabolites. One additional 
benefit is that microalgae can also be used to purify and take up nutrients from wastewater 
(Ibañez & Cifuentes, 2013). Due to metabolic plasticity, the biosynthesis of carotenoids in 
microalgae can be triggered by either controlling the cultivation conditions or by using 
genetic engineering approaches (Guedes et al., 2011a).  Dunaliella salina is a green flagellate 
belonging to the class chlorophycae. Commercial β-carotene production plants using D. 
salina are currently in operation in Australia and Japan (Borowitzka, 2013). Besides β-
carotene, some strains or mutants of D. salina have been reported as a good source of lutein 
and zeaxanthin (Jin et al., 2003; Fu et al., 2014).   Tetraselmis suecica is a marine green alga 
also belonging to the class chlorophycae and this strain is widely used in aquaculture for the 
feeding of mollusks and crustacean larvae (Chini Zitelli et al., 2006). T. suecica is known as a 
good source of lipids, vitamin E, carotenoids, chlorophyll and tocopherols (Pérez-López et 
al., 2014).  
 
67 
 
Among the various approaches used so far to induce carotenoid biosynthesis in microalgae, 
the application of plant hormones can be highly useful, considering their suitability in the 
laboratory to large-scale production facilities. Plant hormones such as salicylic acid (SA) and 
jasmonic acid (JA) are important components in the defense networks of plants and are 
involved in various functions in plant development. These hormones are reported to be 
present in both macro- and microalgae but the mechanism of action and metabolism of these 
hormones have not been studied thoroughly (Raman & Ravi, 2011). So far, studies have been 
limited to the effects of SA and methyl jasmonate (MJ) on growth and biochemical activity 
(Chlorella vulgaris; Czerpak et al. 2002, 2006), response to osmotic shock (Scenedesmus 
incrassatulus; Fedina & Benderliev 2000), and astaxanthin and other carotenoid 
accumulation in Haematococcus pluvialis (Lu et al., 2010; Raman & Ravi, 2011; Gao et al., 
2012a,b). Moreover, some of the carotenoid genes involved in astaxanthin production and the 
antioxidant enzymes in H. pluvialis have also been studied (Lu et al., 2010; Raman & Ravi, 
2011; Gao et al., 2012a,b) in attempts to understand the mechanism of action of the hormones 
in this alga.     
 
The irradiation of microalgal cells by ultra-violet (UV) rays can be another useful approach 
for inducing carotenoid biosynthesis besides the application of plant hormones (Sharma et al., 
2015). UV radiations in the bands A (315-400 nm) and B (280-315 nm) are able to reach the 
Earth’s surface. UV radiation is known to cause DNA damage, resulting in mutation in most 
organisms and has also been reported to inhibit growth and enzymatic activity in many 
microalgal species (Huang & Cheung, 2011). However, several studies suggested that UV-A 
and UV-B radiation caused increased production of unsaturated fatty acids and carotenoids in 
D. bardawil (Mogedas et al. 2009), Nitzschia closterium, and Isochrysis zhangjiangsensis 
(Huang & Cheung, 2011). UV radiation of the band C (UV-C, 100-280 nm) does not reach 
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the Earth’s surface but possesses the highest energy per photon and we hypothesized that it 
could be a useful tool for inducing carotenoid accumulation in microalgae. No report on the 
use of UV-C for carotenoid production in microalgae was found in the literature. 
 
Oxidative stress through the addition of hydrogen peroxide or sodium hypochlorite has been 
reported as a useful way to induce higher production of primary carotenoids like lutein in 
heterotrophic Chlorella protothecoides (Wei et al., 2008) and the secondary carotenoid 
astaxanthin in Haematococcus pluvialis, C. zofingiensis and Chlorococcum sp. (Kobayashi et 
al., 1993; Ma & Chen, 2001; Del Campo et al., 2004; Ip & Chen, 2005). Theoretically, the 
addition of H2O2 or NaOCl in the medium creates reactive oxygen species such as singlet 
oxygen (
1
O2), superoxide anion (O2
-
) or hydroxyl radicals (OH) which can be quenched by 
antioxidaive compounds (e.g. carotenoids) through their higher production in the cells. 
However, the type of carotenoid (e.g. lutein or astaxanthin) to be produced at higher 
quantities in response to such oxidative stress depends on the strain being used for the 
treatment. So far, no report on the treatment of D. salina or T. suecica cultures in H2O2 or 
NaOCl is available.  
    
In this study, we examined the effects of the use of plant hormones SA and MJ and UV-C 
radiation, and in combination, on carotenoid accumulation in the commercially important 
microalgae D. salina and T. suecica. We also studied the effects of the addition of H2O2 or 
NaOCl on carotenoid production in these two microalgal strains.  
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3.2. Materials and Methods 
 
3.2.1 Chemicals 
 
Chemicals were purchased from Merck (Kilsyth, VIC, Australia) or Sigma-Aldrich (Castle 
Hill, NSW, Australia) and were of analytical or HPLC grade. Lutein, zeaxanthin and β-
cryptoxanthin, astaxanthin and β-carotene were purchased from Extrasynthese (Genay, 
France). Milli-Q water was used throughout experiments unless otherwise stated. 
 
3.2.2 Algal strains and growth conditions 
 
The microalgal strains Dunaliella salina and Tetraselmis suecica were collected from Alice 
Springs, Northern Territory, Australia and Brest, France, respectively. The details of the 
strains and the protocol for obtaining pure cultures were described previously (Lim et al., 
2012; Duong et al., 2012). Microalgal cultures were inoculated from master cultures in 250 
mL flasks with F/2 medium (AlgaBoost
TM 
F/2 2000x; Ausaqua Pty Ltd, Wallaroo, South 
Australia, Australia) under a light intensity of 120 μmol photons m−2s−1 on a 16 h: 8 h 
light/dark cycle at 22ºC with constant aeration.  
   
3.2.3 Hormone treatments 
 
During the exponential phase, the algal cultures (separately grown cultures; n = 3) were 
treated in 35, 70, 140, 250, 360 & 540 µmol/L of SA and 10, 50, 100 & 250 µmol/L of MJ. 
SA and MJ were dissolved in deionized water and 100% ethanol, respectively. Similar 
amounts of deionized water and 100% ethanol were added to separate cultures (n = 3) and 
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grown as controls (0 µmol/L SA and MJ). Medium was added regularly (addition of 100 µL 
2000x F/2 stock solution to 200 mL culture) to avoid any effect of nutrient starvation on 
carotenoid accumulation. Biomass was collected at an interval of 2 days since the addition of 
the hormone solutions and harvested by centrifugation (3000 x g; 3 min) followed by 
washing in Milli-Q water. The harvested biomass was freeze-dried and then stored at -20
0
C 
until extraction.  
  
3.2.4 UV-C radiation 
 
When the cultures reached the late exponential growth phase (doubling times were twice as 
long as during highest exponential growth), the microlaga D. salina were treated in 25, 50, 
75, 100 and 150 mJ m
-2
 of radiation in a UV-C chamber (Gs-Genelinker, BioRAD, USA). 
Due to higher cell robustness as observed in the preliminary trials, the other strain 
Tetraselmis suecica were treated in 100, 200, 300, 400 and 500 mJ m
-2
 of UV-C radiation. 
After UV-C treatment, more F/2 media were added to the cultures (addition of 100 µL 2000x 
F/2 stock solution to 200 mL culture) to assist the cells recover from the radiation stress. 
Biomass was collected at regular intervals since the completion of UV-C radiation and 
harvested by centrifugation (3000 x g; 3 min) followed by washing in Milli-Q water. The 
harvested biomass was freeze-dried and then stored at -20°C until extraction.   
 
3.2.5 Combination of hormone and UV-C radiation  
 
The hormone and UV-C radiation levels that resulted in higher carotenoid contents were used 
together in combination for T. suecica and D. salina in order to increase carotenoid 
biosynthesis. As the cultures reached the late exponential phase, one set of cultures (n = 3 
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separately grown cultures) were irradiated by UV-C (100 mJ m
-2
 for T. suecica and 50 mJ m
-2
 
for D. salina) followed by addition of hormones (70 µmol/L of SA for T. suecica and 10 
µmol/L of MJ for D. salina) and then cultures were grown for 9 days (termed as SA-D0/UV-
C-D0 for T. Suecica and MJ-D0/UV-C-D0 for D. salina). On the same day, another set of T. 
suecica and D. salina cultures (n = 3 separately grown cultures) were treated in SA (70 
µmol/L) and MJ (10 µmol/L), respectively and then a few days after the treatment (5 days for 
T. suecica; 3 days for D. salina) this set was irradiated by UV-C (100 mJ m
-2
 for T. suecica 
and 50 mJ m
-2
 for D. salina) and grown for another four days (termed as SA-D0/UV-C-D5 
for T. Suecica and as MJ-D0/UV-C-D3 for D. salina) making the total growing time same as 
the previous sets (SA-D0/UV-C-D0 and MJ-D0/UV-C-D0). F/2 medium was added regularly 
to the cultures (addition of 100 µL 2000x F/2 stock solution to 200 mL culture) to avoid any 
effect of nutrient starvation on carotenoid accumulation. Biomass was collected regularly and 
harvested by centrifugation (3000 x g; 3 min) followed by washing in Milli-Q water. The 
harvested biomass was freeze-dried and then stored at -20°C until extraction.   
 
3.2.6 H2O2 or NaOCl treatment 
D. salina and T. suecica cultures at late exponential growth phase were treated in 1, 5, 10 & 
50 µmol/L of H2O2 or NaOCl (n = 3). Similar amounts of deionized water was added to three 
separately grown cultures and designated as controls. Biomass (50 mL cultures) were 
collected for three days (once a day in the morning) after the initiation of the treatments and 
processed for carotenoid analysis as described above.  
 
3.2.7 Analysis of carotenoids 
The protocols for extraction of carotenoids, HPLC analysis of the extracts and identification 
of carotenoids were carried out as described previously (Ahmed et al., 2014).  
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3.2.8 Statistical analyses 
Means ± standard errors (SE) were derived from all data and were statistically analyzed with 
repeated measures two-way ANOVA with sampling days and concentrations or dosages of 
hormones/UV-C/ H2O2/NaOCl as the factors. In order to identify the suitability of the data 
for repeated measures ANOVA, normality and equality of variances were analyzed by 
D’Agostino-Pearson omnibus test and Bartlett's test, respectively. When significant 
differences were observed on the interaction of the two factors or any of the individual 
factors, Tukey’s HSD test was used to test the differences among groups of different trials. p-
values of less than 0.05 were considered to be statistically significant. The statistical software 
GraphPad Prism 6.0 was used for the analysis. 
 
3.3. Results and discussion  
 
3.3.1 Plant hormone treatments led to increased carotenoid biosynthesis 
 
Plant hormones SA or MJ were applied to microalgal cultures to test for the induction of 
carotenoids. Carotenoid biosynthesis in response to plant hormones differed in the two 
microalgal species. MJ treatment in D. salina caused increased total carotenoid production in 
the treated cultures from day 3. Significantly higher total carotenoid contents compared to 
control cultures were produced on day 5 at 10 µmol/L (8.76 ± 0.87 versus 4.23 ± 0.11 mg/g 
DW in control cultures; Tukey’s test: p<0.05; Fig. 3.1a). However, no significant increase in 
total carotenoid contents could be found during the 7 days after SA treatment in D. salina 
(two-way ANOVA: p>0.05; Fig. 3.1a). On the contrary, SA-treated T. suecica biomass had 
higher total carotenoid levels compared to controls after the initiation of the treatment on day 
5 at 70 µmol/L (8.05 ± 0.23 versus 4.82 ± 0.5 mg/g DW in controls; Tukey’s test: p<0.05) 
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and on day 7 at 70-250 µmol/L (70: 7.39 ± 0.5; 140: 7.6 ± 0.3; 250: 7.8 ± 0.07 versus 3.91 ± 
0.15 mg/g DW; Tukey’s test: p<0.05; Fig. 3.1b). But, no significant increase in total 
carotenoids was found in the MJ-treated T. suecica biomass when compared to controls in the 
7 days after the treatment (two-way ANOVA: p>0.05; Fig. 3.1b).  
 
Figure 3.1b. Effects of different concentrations of SA and MJ on total carotenoid contents of 
T. suecica. Shown are mean values ± SEs from three separately-grown cultures. Different 
letters indicate statistically significant differences (p<0.05).      
74 
 
 
Figure 3.1b. Effects of different concentrations of SA and MJ on total carotenoid contents of 
T. suecica. Shown are mean values ± SEs from three separately-grown cultures. Different 
letters indicate statistically significant differences (p<0.05).   
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A total of eight major carotenoids, namely, neoxanthin, trans-violaxanthin, antheraxanthin, 
astaxanthin, lutein epoxide & lutein (collectively expressed as lutein in tables), zeaxanthin, 
and β-carotene were identified in D. salina and T. suecica. Lutein was quantified as the major 
carotenoid in both strains in all treated and untreated biomass. When compared to controls, 
lutein (4.94 ± 0.29 versus 2.35 ± 0.06 mg/g DW), zeaxanthin (0.47 ± 0.008 versus 0.17 ± 
0.03 mg/g DW) and astaxanthin (0.28 ± 0.03 versus 0.07 ± 0.02 mg/g DW) increased at 10 
µmol/L on day 5 (Tukey’s test: p<0.05; Fig. 3.2a).  
 
A comparison of controls with SA-treated T. suecica also showed higher lutein (3.81 ± 0.008 
versus 2.2 ± 0.4 mg/g DW), zeaxanthin (0.417 ± 0.03 versus 0.17 ± 0.02 mg/g DW) on the 5
th
 
day after 70 µmol/L SA treatment (Fig. 3.2b). Moreover, higher contents of neoxanthin and 
trans-violaxanthin (35-250 µmol/L), lutein (250 µmol/L), zeaxanthin (140-250 µmol/L) and 
β-carotene (250 µmol/L) were also found on day 7 in the SA-treated T. suecica biomass when 
compared to controls (Tukey’s test: p<0.05; 3.2c).  
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Figure 3.2a. Effects of different concentrations of MJ on lutein, zeaxanthin, and astaxanthin 
contents of D. salina. Shown are mean values ± SEs from three separately-grown cultures on 
the 5
th
 day after treatment. The asterisks indicate statistically significant difference from the 
controls (p<0.05).  
  
Figure 3.2b. Effects of different concentrations of SA on lutein and zeaxanthin contents of T. 
suecica. Shown are mean values ± SEs from three separately-grown cultures on the 5
th
 day 
after treatment. The asterisks indicate statistically significant difference from the controls 
(p<0.05).   
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Figure 3.2c. Effects of different concentrations of SA on neoxanthin and trans-violaxanthin, 
lutein, zeaxanthin and β-carotene contents of T. suecica. Shown are mean values ± SEs from 
three separately-grown cultures on the 7
th
 day after treatment. The asterisks indicate 
statistically significant difference from the controls (p<0.05).   
 
3.3.2 UV-C radiation led to increased carotenoid biosynthesis 
 
In D. salina, the total carotenoids in the UV-irradiated cultures varied from 2.5 ± 0.15 mg/g 
DW (75 mJ m
-2
; day 7) to 16.56 ± 1.76 mg/g DW (150 mJ m
-2
, day 10) during the 10 days of 
rearing after the radiation (Fig. 3.3). Significant differences in total carotenoids were 
observed among the irradiated cultures and sampling times (two- way ANOVA; p<0.05). The 
total carotenoids in the irradiated cultures were lower than the control up to day 7. 
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Figure 3.3. Effects of different levels of UV-C radiation (mJ/m
2
) on total carotenoid contents 
of D. salina and T. suecica. Shown are mean values ± SEs from three separately-grown 
cultures. Different letters indicate statistically significant differences (p<0.05).   
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Then on the tenth day, significant increases in total carotenoids were observed in the cultures 
irradiated at 100 and 150 mJ m
-2
 (100: 14.9 ± 2.85 mg/g DW, 150: 16.56 ± 1.76 mg/g DW, 
Controls: 7.8 ± 0.28 mg/g DW; Tukey’s test: p<0.01). In T. suecica, the total carotenoids in 
the UV-irradiated cultures varied from 0.71 ± 0.13 mg/g DW (500 mJ m
-2
; day 3) to 9.26 ± 
0.61 mg/g DW (100 mJ m
-2
; day 1) during the 10 days of rearing after the radiation (Fig. 3.3). 
Significant differences in total carotenoids were observed among the irradiated cultures and 
sampling times (two-way ANOVA; p<0.05). The total carotenoids in the 100 and 200 mJ m
-2 
irradiated cultures were higher than the control in the first 5 days with the highest observed 
on the first day after the radiation (100: 9.26 ± 0.61 mg/g DW ; 200: 6.11 ± 0.61; Controls: 
2.47 ± 0.004; Tukey’s test: p<0.01; Fig. 3.3). The other irradiated cultures (300-500 mJ m-2) 
generally had total carotenoids lower than or similar to the controls except on day 1 (300 mJ 
m
-2
) and day 7 (400 mJ m
-2; Tukey’s test: p<0.01; Fig. 3.3).  
 
On the tenth day after UV-C radiation in D. salina, the lutein levels in all irradiated cultures 
(except 25 mJ m
-2
: 3.9 ± 0.74 mg/g DW) were higher than in the controls (50: 8.66 ± 0.56, 
75: 7.24 ± 0.62, 100: 8.41 ± 0.38, 150: 8.65 ± 0.73; Controls: 3.66 ± 0.07 mg/g DW; Tukey’s 
test: p<0.01; Fig. 3.4). The contents of trans-violaxanthin and neoxanthin varied from 0.65 ± 
0.01 mg/g DW (25 mJ m
-2
) to 3.49 ± 0.32 mg/g DW (150 mJ m
-2
; Fig. 3.4) on the tenth day 
and higher levels compared to control were found at 100 and 150 mJ m
-2
 (100: 2.87 ± 0.78, 
Controls: 0.92 ± 0.02 mg/g DW; Tukey’s test: p<0.01; Fig. 3.4). β-carotene content varied 
from 1.95 ± 0.06 mg/g DW (25 mJ m
-2
) to 2.71 ± 0.29 mg/g DW (150 mJ m
-2
; Fig. 3.4) on 
the tenth day and no significant difference between the control and the irradiated cultures was 
found (Tukey’s test, p>0.05). 
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Figure 3.4. Effects of different levels of UV-C radiation (mJ/m
2) on lutein, β-carotene, trans-
violaxanthin and neoxanthin contents of D. salina (on the 10
th
 day after treatment) and T. 
suecica (on the 1
st
 day after treatment). Shown are mean values ± SEs from three separately-
grown cultures. The asterisks indicate statistically significant difference from the controls 
(p<0.05).   
 
In T. suecica, lutein was higher than in the controls on the first day after radiation in the 100, 
200 and 300 mJ m
-2
 irradiated cultures (100: 5.09 ± 0.46; 200: 3.62 ± 0.5; 300: 2.6 ± 0.13; 
Controls: 1.3 ± 0.04 mg/g DW; Tukey’s test: p<0.01; Fig. 3.4). The other irradiated cultures 
(400-500 mJ m
-2) had similar lutein content as the controls (Tukey’s test, p>0.05; Fig. 3.4). 
Similar to lutein, the trans-violaxanthin and neoxanthin levels in the 100 and 200 mJ m
-2 
irradiated cultures were higher than in the controls (100: 2.07 ± 0.06; 200: 1.24 ± 0.14; 
Controls: 0.73 ± 0.001 mg/g DW; Tukey’s test: p<0.01) on the first day after radiation while 
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the other irradiated cultures had levels similar to or lower than control cultures (Tukey’s test: 
p>0.05; Fig. 3.4).  The β-carotene levels also had similar pattern showing higher contents at 
100 and 200 mJ m
-2 
than the controls (100: 0.73 ± 0.14; 200: 0.58 ± 0.04; Controls: 0.18 ± 
0.007 mg/g DW; Tukey’s test: p<0.01; Fig. 3.4) on the first day after radiation.   
 
3.3.3 Combined stresses of hormone and UV-C radiation 
 
There was a slightly different response to the combined effect of UV-C and hormone 
treatments in the two strains. In D. salina, the total carotenoids in the treated cultures varied 
from 6.52 ± 0.15 mg/g DW to 11.19 ± 1.76 mg/g DW during the seven days of rearing after 
the radiation (Fig. 3.5). No significant differences in total carotenoids were observed among 
the treatments with the control (two-way ANOVA; p>0.05). No significant differences were 
found in lutein and β-carotene contents between the treated cultures and the controls (two-
way ANOVA; p>0.05; Fig. 3.5). However, significantly higher contents of trans-violaxanthin 
and neoxanthin were found on the 7
th
 day after the hormone treatment when compared to 
control (MJ-D0/UV-C-D3: 2.2 ± 0.22; control: 0.84 ± 0.02; Tukey’s test; p<0.01; Fig. 3.5).   
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Figure 3.5. Effects of combined plant hormone (MJ; 10 µmol/L) and UV-C radiation (50 
mJ/m
2) on total carotenoids, lutein, β-carotene, trans-violaxanthin and neoxanthin contents of 
D. salina. Shown are mean values ± SEs from three separately-grown cultures. Different 
letters indicate statistically significant differences (p<0.05).   
 
In T. suecica, the total carotenoids in the treated cultures varied from 3.2 ± 0.13 mg/g DW to 
7.67±0.61 mg/g DW during the nine days of rearing after the treatments (Fig. 3.6). 
Significant increases in total carotenoids were observed among the cultures and sampling 
times (two-way ANOVA; p<0.05). The SA-D0/UV-C-D0 treatment caused a significant 
increase in total carotenoids on the ninth day (7.67 ± 1.47 mg/g DW vs. 2.73 ± 0.48 mg/g 
DW (control); Tukey’s test: p<0.01). However, in the SA-D0/UV-C-D5 treatment, no 
significant increase compared to the control was found on the first four days but a significant 
increase was found on the sixth day (7.1 ± 0.71, Controls: 2.84 ± 0.7 mg/g DW; Tukey’s test: 
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p<0.01) followed by a decrease of the carotenoid contents on the ninth day (Fig. 3.6). A 
similar pattern was observed for lutein with the SA-D0/UV-C-D0 cultures reaching as high as 
4.12 ± 0.84 mg/g DW (control: 1.44 ± 0.22 mg/g DW) on the ninth day and the SA-D0/UV-
C-D5 reaching lutein levels as high as 3.76 ± 0.56 mg/g DW (Controls: 1.62 ± 0.28 mg/g 
DW; Tukey’s test: p<0.05) on the sixth day (Fig. 3.6). Significant increases in trans-
violaxanthin and neoxanthin levels were also seen on the fourth and sixth day after treatments 
(Fig. 3.6) and the highest levels were seen on the 9
th
 day for both treatment regimen (SA-
D0/UV-C-D0: 1.82 ± 0.19; SA-D0/UV-C-D5: 1.59 ± 0.06; controls: 0.85 ± 0.03 mg/g DW; 
Tukey’s test: p<0.05). However, no significant difference in β-carotene contents between the 
treated cultures and the controls was found (two-way ANOVA; p>0.05; Fig. 3.6).  
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Figure 3.6. Effects of combined plant hormone (SA; 70 µmol/L) and UV-C radiation (100 
mJ/m
2) on total carotenoid, lutein, β-carotene, trans-violaxanthin and neoxanthin contents of 
T. suecica. Shown are mean values ± SEs from three separately-grown cultures. Different 
letters indicate statistically significant differences (p<0.05).  
 
3.3.4 H2O2/NaOCl treatment led to increased carotenoid biosynthesis 
Responses to H2O2 or NaOCl treatment were different in the two microalgal strains. In D. 
salina, the total carotenoids varied from 7.5 ±1.04 mg/g DW (Control, day 3) to 15.73 ± 0.33 
mg/g DW (5 µmol/L NaOCl, day 1; Fig. 3.7) during the three days after the treatments. 
Significant differences between concentrations and sampling days were found for both 
treatments (two-way ANOVA; p<0.05).However, in case of T. suecica, differences were 
found only for NaOCl treatment (two-way ANOVA; p<0.05) where the total carotenoids 
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ranged at 3.5 ± 0.33 (Control, day 1) to 8.76 ± 0.59 mg/g DW (5 µmol/L NaOCl, day 3; Fig. 
3.9).  
Similar to previous treatments, lutein was the major carotenoid in both strains. In D. salina, 
significant increases in lutein content compared to control cultures were observed on the third 
day at 10 µmol/L for H2O2 (7.18 ± 0.56 vs Control: 3.67 ± 0.56 mg/g DW; Fig. 3.7) and at 1 
& 5 µmol/L for NaOCl (1: 6.78 ± 0.27; 5: 5.6 ± 1.1 vs Control: 3.67 ± 0.56 mg/g DW; 
Tukey’s test; p<0.05; Fig. 3.8). However, no significant increase in lutein compared to 
control was observed in T. suecica (two-way ANOVA; p>0.05; Fig. 3.9 & 3.10). In contrast 
to lutein, increase of β-carotene was observed at a different pattern in the two strains. In D. 
salina, significant increases were observed only due to H2O2 treatment at 50 µmol/L on the 
2
nd
 day (1.97 ± 0.03 vs Control: 1.19 ± 0.04 mg/g DW) and at 10 µmol/L on the 3
rd
 day (1.97 
± 0.1 vs Control: 1.06 ± 0.06 mg/g DW; Fig. 3.7) whereas in T. suecica the increases were 
only due to NaOCl treatment at 1 µmol/L on the 2
nd
 day (0.95 ± 0.09 vs Control: 0.32 ± 0.01 
mg/g DW; Tukey’s test; p<0.05; Fig. 3.10). 
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Figure 3.7. Total carotenoids, lutein and β-carotene (mg/g DW) contents in H2O2 treated D. 
salina biomass during three days after initiation of the treatments. Shown are mean values ± 
SEs from three separately-grown cultures. Different letters indicate statistically significant 
differences (p<0.05).   
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Figure 3.8. Total carotenoids, lutein and β-carotene (mg/g DW) contents in NaOCl treated D. 
salina biomass during three days after initiation of the treatments. Shown are mean values ± 
SEs from three separately-grown cultures. Different letters indicate statistically significant 
differences (p<0.05).   
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Figure 3.9. Total carotenoids, lutein and β-carotene (mg/g DW) contents in H2O2 treated T. 
suecica biomass during three days after initiation of the treatments. Shown are mean values ± 
SEs from three separately-grown cultures.  
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Figure 3.10. Total carotenoids, lutein and β-carotene (mg/g DW) contents in NaOCl treated 
T. suecica biomass during three days after initiation of the treatments. Shown are mean 
values ± SEs from three separately-grown cultures. Different letters indicate statistically 
significant differences (p<0.05).   
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3.4 Discussion 
 
To our knowledge, this study reports for the first time the use of plant hormones and UV-C 
radiation in attempts to increase carotenoid production in the microalga D. salina and T. 
suecica. The hormones used in the present study, SA and MJ, are known to participate in the 
activities in response to environmental stress conditions and thereby can affect the growth 
and development of plants. Exogenously applied SA and MJ caused significant increases in 
total carotenoids, lutein and β-carotene in T. suecica in the present study. Additionally, 
increases in neoxanthin and violaxanthin were observed due to MJ in T. suecica. This agrees 
with the findings of  Lu et al. (2010), Raman and Ravi (2011),  and Gao et al. (2012a, 2012b) 
who reported increases in total carotenoids, and astaxanthanin levels in Haematococcus 
pluvialis due to exogenous SA and MJ or jasmonic acid. Some agreements is also reached 
with the results of Czerpak et al. (2002) and Rao et al. (1997) who reported an increase in 
carotenoids due to exogenously applied SA in Chlorella vulgaris and Arabidopsis thaliana 
leaves, respectively. However, the results are in disagreement with the findings of Czerpak et 
al. (2006) and Jung (2004) who reported decreased carotenoid levels due to exogenous MJ in 
Chlorella vulgaris and Arabidopsis thaliana leaves, respectively. Raman & Ravi (2011) also 
indicated the combined effect of light intensity and hormones for the increase in pigments. 
However, in the current study the light intensity was kept constant for all treatments so that 
the effect of only the hormones could be measured. A significantly higher level of 
carotenoids compared to controls could be found. Moreover, the light intensity used in the 
current study (120 μmol photons m−2s−1) was more than what was used and designated as 
high light (60 μmol photons m−2s−1) by Raman & Ravi (2011); but our study found 
significant increases in both D. salina and T. suecica which was in disagreement with Raman 
& Ravi (2011) for Haematococcus pluvialis.   
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In the present study, D. salina carotenoid levels increased due to MJ but not due to SA, which 
was different from the responses observed for T. suecica. Raman & Ravi (2011) reported 
increased activity of antioxidant enzymes such as superoxide dismutase, ascorbate peroxidase 
due to SA but not due to MJ, and inferred that SA was the major contributor to oxidative 
stress and that SA affected the production of secondary carotenoids by inducing the activity 
of antioxidant enzymes while MJ caused an increase in the production of primary carotenoids 
such as lutein and β-carotene and thereby negatively impacting the induction of secondary 
carotenoids such as astaxanthin. The results in the current study confirm the conclusion of 
Raman & Ravi (2011) that the response to exogenously applied hormones varies depending 
on the algal strain, and the concentration of hormones being used. However, a thorough study 
involving antioxidant enzyme activity and transcription profiling of carotenoid genes during 
exposure to exogenous SA and MJ might explain the reasons for the difference in the 
response found in our study and is warranted. 
The present study reports for the first time the successful induction of carotenoids in D. 
salina and T. suecica by UV-C radiation. This form of UV radiation has already recently 
been reported effective in inducing lipid production in Tetraselmis sp. (Sharma et al., 2014) 
making UV-C radiation a highly useful method for inducing some of the sought after 
compounds in microalgae. In the present study, we found a two-fold increase in total 
carotenoids and lutein due to UV-C radiation in D. salina (Fig. 3.3 and 3.4, respectively). 
This agrees with the findings of Salguero et al. (2005) who reported 3-fold increase in lutein 
content due to UV-A exposure for 84 hours in D. bardawil. Moreover, there was a four-fold 
increase in β-carotene content in T. suecica although the amount was quite low when 
compared to D. salina (Fig. 3.4). There was no increase in β-carotene contents in D. salina 
due to UV-C radiation, which differed from the findings of Salguero et al. (2005). This might 
be due to the differences in culture conditions, as Salguero et al. (2005) grew the cultures 
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under high light intensities and in hypersaline medium, which is ideal for inducing high 
accumulation of β-carotene. The different environmental and operational factors affecting 
lutein production had been summarized by Fernández-Sevilla et al. (2010) and outlined that 
the optimum condition could produce 8 mg/g DW of lutein in Murielopsis sp. In the current 
study, the lutein levels in D. salina were similar to that reported in Murielopsis sp.,  
indicating that this strain of D. salina can also be a good source of lutein by growing them in 
normal 3.5% saline condition with UV-C radiation. Moreover, a recent study combining 
several abiotic stressors such as osmotic shock, nitrate concentration and light intensity 
showed the highest production of 7 mg/g DW lutein in D. salina (Fu et al., 2014), which was 
lower than what was achieved in the current study through UV-C radiation, making this 
irradiation method more suitable than the other treatments for producing high contents of 
lutein. The lower carotenoid levels in the UV-C irradiated cultures were due to the stress 
caused to D. salina cells by the irradiation. Based on the findings in our study, the response 
of UV-C radiation in terms of carotenoid production varies in different species (e.g. 
immediate response in T. suecica while delayed response in D. salina). The delayed response 
of D. salina cells was reported in previous studies as well (e.g. Mogedas et al., 2009: Higher 
carotenoid production in UV-A treated D. salina cells on the 12
th
 day after the initiation of 
the radiation). In the present study, the UV-C exposure was only applied for a few seconds, 
which is different from the methods followed in other studies, involving UV-A or UV-B 
coupled with high intensity fluorescent light (Salguero et al., 2005) indicating that less 
energy can be used in our adopted method for producing higher carotenoid contents than 
other reported studies.   
 
D. salina is well known to produce high amounts of  β-carotene (up to 14% DW) when cells 
are exposed to a combination of stress factors such as high salinity, light irradiance of high 
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intensity, low nitrate levels in the culture medium and low temperature (Borowitzka, 2013). 
However, in the current study, the combination of plant hormones and UV-C radiation did 
not cause a significant increase in any of the carotenoids except neoxanthin and trans-
violaxanthin in D. salina. This indicates that these carotenoids (neoxanthin and trans-
violaxanthin) could be more functional to repair the damages caused to the D. salina cells 
than lutein or β-carotene. On the contrary, significant increases in lutein and neoxanthin and 
trans-violaxanthin were found in T. suecica under the combined treatment of hormones and 
UV-C radiation. This demonstrates that the response of the combined stresses (hormones and 
UV-C radiation) varies depending on the species. 
 
The use of oxidative stress has been reported effective previously in heterotrophic cultures of 
H. pluvialis, C. zofingiensis, C. protothecoides and Chlorococcum sp. where photo-oxidation 
was avoided. In this study, therefore, we report for the first time that this tool can be useful in 
autotrophic cultures of D. salina and T. suecica as well. Ip and Chen (2005) pointed out that 
hydroxyl radicals are produced due to the addition of H2O2 or NaOCl in the media and the 
carotenoids are (either primary and/or secondary) produced at higher quantities to quench 
these radicals. However, in the current study, T. suecica did not produce significantly higher 
quantities of carotenoids due to H2O2 (p>0.05). This indicates the species specific differences 
in response to hydroxyl radicals in microalgae.          
 
3.4. Conclusion 
 
Applications of plant hormones and UV-C radiation have been identified as useful methods 
for inducing carotenoids, especially lutein, neoxanthin and trans-violaxanthin in the 
commercially important microalgae D. salina and T. suecica. The induction methods are 
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relatively simple and potentially scalable to large-scale microalgae production plants. Lutein 
is currently not commercially produced from microalgae, making it promising for further 
studies in medium to large-scale production, in particular from D. salina. Moreover, the 
higher production of neoxanthin and violaxanthin make T. suecica a promising source of 
these commercially important carotenoids.  
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Chapter 4: Effect of drying, storage temperature and air exposure on the 
stability of astaxanthin from Haematococcus pluvialis 
 
 
Adapted from “Faruq Ahmed, Yan Li, Kent Fanning, Michael Netzel & Peer M Schenk 
(2015) Effect of drying, storage temperature and air exposure on the stability of astaxanthin 
from Haematococcus pluvialis. Food Research International 74, 231-236.” 
 
 
Highlights 
 
 Freeze-drying led to higher astaxanthin recovery than spray-drying  
 Low storage temperature (below 4ºC ) and vacuum packing showed higher 
astaxanthin stability 
 Freeze-drying followed by vacuum-packed storage at -20 ºC can generate higher 
profits than spray-drying. 
 Freeze-drying can be suggested as a mild and more profitable method for ensuring 
longer shelf life of astaxanthin from Haematococcus pluvilais powder. 
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4.1 Introduction  
 
Astaxanthin is a widely-distributed keto-carotenoid in nature and is predominantly produced 
in the red yeast Xanthophyllomyces dendrorhous, the plant Adonis annua and in the 
microalga Haematococcus pluvialis (Miao et al., 2013). Astaxanthin is the highest value 
carotenoid that is currently used in various industries, such as the food, feed, nutraceutical 
and pharmaceutical sectors and has been receiving great attention from the scientific 
community and consumers due to the various health benefits recently discovered. New 
studies have suggested that astaxanthin is a powerful antioxidant having higher capabilities 
than other carotenoids (10 times higher than zeaxanthin, lutein, β-carotene and cantaxanthin; 
(Miao et al., 2013) and vitamins and therefore can be highly effective in reducing DNA 
damage, improving the immune system, liver and heart function by causing higher production 
of antibodies and T-cells, protecting UV-light photooxidation, inflammation, age-related 
macular degeneration and cancer, eliminate lipid peroxidation in cell membrane and 
promoting cardiovascular health by modifying cholesterol levels in the plasma (Miao et al., 
2013; Bustos-Garza et al., 2013).   
 
Astaxanthin is in high demand by several industries, such as the 130 tons of annual 
worldwide requirement in salmonid aquaculture (Bjerkeng, 2008). Although artificially 
synthesized astaxanthin, which has lower antioxidant capacity than the natural compound, 
constitutes most of the supply (around 95%), the natural astaxanthin produced by H. pluvialis 
is becoming increasingly popular (Miao et al., 2013). Several companies, such as Cyanotech 
Corporation, Algatechnologies and Fuji Health Science are currently commercially producing 
and marketing astaxanthin from H. pluvialis (Borowitzka, 2013; Bhattacharjee, 2014).  
 
97 
 
Astaxanthin is well-known to possess a high sensitivity to light, oxygen, and temperature, 
creating a need to develop methods to ensure long-term storage stability of this high-value 
carotenoid. Based on the limited water solubility of astaxanthin, different esters, such as 
disodium disuccinate, tetrasodium diphosphate, divitamin C disuccinate and fatty acid 
astaxanthin have been prepared in attempts to improve astaxanthin solubility and stability 
(Tachaprutinun et al., 2009). Studies have suggested that incorporation of astaxanthin with 
compounds, such as β-cyclodextrin, hydroxypropyl-β-cyclodextrin, and chitosan, can provide 
protection against temperature and improve the stability of astaxanthin (Miao et al., 2013). 
Encapsulation in compounds such as poly(ethyleneoxide)-4-
methoxycinnamoylphthaloylchitosan (PCPLC), or chitosan was reported as another effective 
strategy to solve the solubility and stability issue with astaxanthin (Tachaprutinun et al., 
2009). Moreover, storage of dry algal meal under vacuum conditions was able to retain 90% 
of the initial astaxanthin content (Gouveia and Empis, 2003). A long-term storage study 
lasting for 96 weeks using spray-dried H. pluvialis powder suggested that the most 
economical and applicable storage condition would be storing the powder under vacuum at 
4ºC in the dark (Miao et al., 2013). It was reported that vacuum-drying could retain better 
astaxanthin content than hot air-drying in shrimp (Niamnuy et al., 2008), but such 
comparison of various drying methods involving H. pluvialis powder has not been reported 
so far. 
 
In this study, we report for the first time to our knowledge, about the impact of drying 
methods (freeze-drying versus spray-drying) on astaxanthin content in H. pluvialis powder. 
We also report here how the astaxanthin esters, and free (cis/trans) astaxanthin content in the 
dried powder change over time under vacuum and non-vacuum conditions and at different 
storage temperatures. This will help to understand how the different drying methods as well 
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as temperature and vacuum conditions could affect astaxanthin stability in H. pluvialis 
powder. 
 
4.2 Materials and Methods 
 
4.2.1 Culture conditions 
 
Haematococcus pluvialis biomass for the test was supplied by James Cook University-MBD 
Energy Pty Ltd Microalgae R&D Facility. The biomass was harvested when the cells reached 
the red cyst aplanospore stage via centrifuge dewatering process. Then the biomass was 
preserved at -80ºC and delivered to the Algae Biotechnology Laboratory at the University of 
Queensland for the comparative drying tests.    
 
4.2.2 Drying of biomass 
 
The carotenized cultures of H. pluvialis were dried by spray- or freeze-drying. Around 100 g 
of H. pluvialis biomass was dried by each drying process. The inlet/outlet temperatures of the 
spray dryer (Anhydro 7067, Copenhagen, Denmark) were selected as 180ºC/110
o
C based on 
the findings of Raposo et al. (2012). The freeze-drying was conducted in a Dynavac freeze 
dryer (Model FD1, Melbourne, Australia) at -40ºC. 
 
4.2.3 Storage of dried powders 
 
The dried powders collected from the two drying methods were stored in Ziploc bags in 
aliquots of 1 g. Half of the bags used for the experiments were vacuum-packed while the rest 
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were closed and kept at -20ºC, 4ºC, 20ºC or 37ºC. All bags were covered by aluminium foil 
to avoid the effect of light. Three replicates were stored for each temperature, packing 
(vacuum or non-vacuum) and drying method. Sampling (25-50 mg) was conducted at 3, 6, 9, 
12 and 20 weeks after the start of the storage of the dried powders. 
 
4.2.4 Astaxanthin extraction and analysis 
 
The extraction of astaxanthin was conducted following the protocol described previously 
Ahmed et al. (2014) with slight modifications. In brief, the biomass was crushed with mortar 
and pestle and treated with 10 mL acetone, 10 mL hexane and 5 mL 10% NaCl. The mixture 
was centrifuged at 3000 x g at 4ºC for 3 min. The process was repeated until the mixture 
became colourless. The hexane fractions were collected and dried in a centrifugal evaporator 
(miVac Duo Concentrator, Genevac Inc., USA) prior to being reconstituted in 5 mL 
methanol/dichloromethane (50/50, v/v) for HPLC analysis. The HPLC-Photodiode Array 
(HPLC-PDA) analysis was undertaken as previously described Fanning et al. (2010) with 
minor modifications to the gradient: The 54 min gradient used for astaxanthin analysis was as 
follows: 0 min, 80% phase A; 48 min, 20% phase A; 49 min, 80 % phase A; 54 min, 80% 
(phase A - 92% methanol/8% 10 mM ammonium acetate, phase B - 100% methyl tert butyl 
ether). The identification and quantification of astaxanthin was conducted based on 
comparison of the retention times, mass spectra and calibration curves of authentic standards 
(Sigma).  
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4.2.5 Cost-benefit analysis 
 
A cost-benefit analysis was conducted to understand the costs incurred for the drying of 100 
kg of H. pluvialis powder by the use of a spray dryer or a freeze dryer and the profit margins 
after 20 weeks of storage of the powder. The energy consumption of spray-drying was 
calculated based on the technical specification of an APV PSD 55 Spray dryer (APV 
Anhydro, New York, USA). It was calculated that drying of 100 kg H. pluvialis powder in 
this dryer would require 50 kW of power. For freeze-drying, the technical specification of an 
F100 freeze dryer (Frozen in Time Ltd., York, England) was used for calculations 
(www.freezedriers.com). It was calculated that freeze-drying in this dryer of the same 
biomass would consume 360 kW of power, considering 24 h running of the dryer (15 kW/h) 
to obtain the powder. The retail values of astaxanthin from 100 kg H. pluvialis powder on 
week 0 and week 20 were calculated considering astaxanthin content produced by the two 
drying methods and the rate of astaxanthin degradation at different storage conditions 
observed in the current study.   
 
4.2.6 Statistical analyses 
 
All statistical analyses were carried out in IBM SPSS 20. The differences in the degradation 
percentages of total, free, monoester and diester astaxanthin were analyzed by three way 
analysis of variance (ANOVA) with drying methods being the between subject factor and 
packaging and temperature being the within subject factors. Bonferroni test was used for 
multiple comparisons of significant treatment effects. Values are given as means ± SE.  A 
significance level of 0.05 was used for all tests. 
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4.3 Results 
 
4.3.1 Effects of drying methods, packaging and temperature on Haematococcus pluvialis 
astaxanthin degradation 
 
The main purpose of this study was to establish the best post-harvest processing conditions 
for high stability of astaxanthin from freshly-produced H. pluvialis culture. The first step 
includes rapid drying. The moisture content in the spray-dried H. pluvialis powder (6.86 ± 
0.39%) was slightly lower than in the freeze-dried powder (8.22 ± 0.28%) at the beginning of 
the storage treatments (Table 4.1). The total astaxanthin content in the spray-dried powder 
(4578.6 ± 14.5 µg/g dry weight (DW)) was also lower than that of the freeze-dried powder 
(6454.9 ± 23.8 µg/g DW) at the beginning of the storage treatments (referred to as week 0 in 
Table 4.1), demonstrating that already the drying method has a big influence on astaxanthin 
contents. 
 
Next, astaxanthin stability was assessed following storage in sealed Ziploc bags (either 
vacuum-packed or air-packed) at different temperatures. During the 20 weeks of storage, 
degradation percentage of astaxanthin content (DPAC) in the spray-dried samples kept at 
different temperatures rose from 4.14 ± 0.99% (-20ºC storage vacuum-packed; Week 3) to 
88.2 ± 0.08% (37ºC storage vacuum-packed; Week 20; Fig. 4.1). Although no interactive 
effect of all three factors was found (p>0.05), significant effects of the interaction of drying 
method and temperature, and packaging and temperature were found (p<0.05) for total 
astaxanthin as well as free and monoester astaxanthin components (Table 4.2).  
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Figure 4.1. Degradation of total astaxanthin content (%) in relation to initial levels of (A) 
spray-dried and vacuum-packed, (B) spray-dried and normal-packed, (C) freeze-dried and 
vacuum-packed, and (D) freeze-dried and normal-packed Haematococcus pluvialis powder 
stored at -20ºC, 4ºC, 20ºC and 37ºC for 20 weeks.
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Table 4.1. Moisture, free, monoester, diester and total astaxanthin contents of spray-dried or freeze-dried Haematococcus pluvialis powder on 
week 0 before the initiation of storage treatments. Data are means +/-SD, n = 3 independent measurements; DW = dry weight.   
Drying 
method 
Moisture 
content (%) 
Free astaxanthin 
(µg/g DW) 
Monoester astaxanthin 
(µg/g DW) 
Diester astaxanthin 
(µg/g DW) 
Total astaxanthin 
(µg/g DW) 
 
Spray-drying 
 
6.86 ± 0.39 
 
173.5 ± 2.5 
 
3838 ± 8.8 
 
567.05 ± 5.4 
 
4578.6 ± 14.5 
Freeze-drying 8.22 ± 0.28 235.1 ± 5.9 5350.4 ± 9.3 869.5 ± 10.1 6454.9 ± 23.8 
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Table 4.2. Three way ANOVA of 20 weeks-stored Haematococcus pluvialis powders.  
 df Total astaxanthin Free astaxanthin Monoester astaxanthin Diester astaxanthin 
F  p  F  p  F p  F  p  
Test of between-subjects effects          
Drying 1 327.7 <0.001 111.4 <0.001 332.6 <0.001 104.25 <0.001 
Packaging 1 16.9 <0.001 11.1 <0.01 14.99 <0.001 10.43 <0.01 
Temperature 3 127.8 <0.001 119.5 <0.001 129.94 <0.001 32.02 <0.001 
Drying x packaging 1 0.337 0.565 0.672 0.418 0.262 0.612 0.912 0.347 
Drying x temperature 3 6.3 <0.05 6.7 <0.001 5.29 <0.05 4.74 <0.01 
Packaging x temperature 3 4.03 <0.05 3.99 <0.05 4.23 <0.05 0.99 0.411 
Drying x packaging x 
temperature 
3 1.75 0.175 2.05 0.127 1.94 0.142 0.68 0.572 
Error 1 32         
          
Test of within-subjects effects          
Day 5 309.248 <0.001 181.618 <0.001 276.408 <0.001 142.056 <0.001 
Day x Drying 5 7.911 <0.001 1.940 0.091 7.197 <0.001 10.083 <0.001 
Day x Packaging 5 2.457 0.036 1.663 0.147 1.902 0.097 3.286 0.007 
Day x Temperature 15 28.251 <0.001 23.642 <0.001 24.163 <0.001 22.851 <0.001 
Day x Drying x packaging 5 1.712 0.135 0.308 0.907 1.121 0.351 4.881 <0.001 
Day x Drying x temperature 15 4.843 <0.001 1.932 0.024 4.104 <0.001 40244 <0.001 
Day x Packaging x temperature 15 0.567 0.897 0.991 0.467 0.556 0.904 1.074 0.384 
Day x Drying x packaging x 
temperature 
15 1.201 0.276 0.723 0.758 1.266 0.230 1.835 0.134 
Error 2 160         
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Table 4.3. Ratio of astaxanthin degradation (at
2 
+ bt + c), rates of astaxanthin degradation (2at + b), and accelleration of degradation constants 
(2a) at different temperatures, vacuum- and normal packaging of spray-dried and freeze-dried Haematococcus pluvialis powder.  
Drying 
method 
Packagin
g 
Temperature 
(
o
C) 
Ratio of astaxanthin 
degradation 
Rate of astaxanthin 
degradation 
Acceleration of degradation 
(x 10% of the content/week) 
R
2 
Spray drying Vacuum -20 0.0184t
2
+0.8827t+0.1466 0.0368t+0.8827 0.0368 0.94 
  4 -0.0118t
2
+1.8628t+2.6713 -0.0236t+1.8628 0.0236 0.96 
  20 -0.1251t
2
+4.5062t+5.3649 -0.2502t+4.5062 0.2502 0.91 
  37 -0.2t
2
+8.1015t+5.0211 -0.4t+8.1015 0.4 0.98 
  
Normal 
 
-20 
 
-0.0085t
2
+1.8829t+3.4469 
 
-0.017t+1.8829 
 
0.017 
 
0.94 
  4 -0.0536t
2
+3.2785t+4.6379 -0.1072t+3.2785 0.1072 0.93 
  20 -0.0652t
2
+4.7568t+9.2041 -0.1304t+4.7568 0.1304 0.9 
  37 -0.2489t
2
+9.0833t+4.2109 -0.4978t+9.0833 0.4978 0.99 
 
Freeze drying 
 
Vacuum 
 
-20 
 
- 
 
- 
 
- 
 
- 
  4 - - - - 
  20 -0.0205t
2
+3.765t-2.9367 -0.041t+3.765 0.041 0.97 
  37 -0.2169t
2
+9.2238t-5.0592 -0.4338t+9.2238 0.4338 0.98 
  
Normal 
 
-20 
 
0.0228t
2
+0.45t+0.5319 
 
0.0456t+0.45 
 
0.0456 
 
0.96 
  4 -0.1221t
2
+4.2364t-0.385 -0.2442t+4.2364 0.2442 0.98 
  20 -0.2281t
2
+8.0858t-0.0933 -0.4562t+8.0858 0.4562 0.99 
  37 -0.1977t
2
+8.3356t+0.644 -0.3954t+8.3356 0.3954 0.99 
 
 
 
106 
 
 
Table 4.4. Changes in the ratios of diester to monoester astaxanthin at different temperatures, vacuum or normal packaging of spray-dried or 
freeze-dried Haematococcus pluvialis powder during 20 weeks of storage. Data are means +/-SD, n = 3 independent analyses.  
Drying method Packaging Temperature (
o
C) Diester/monoester ratio 
Week 0 Week 3 Week 6 Week 9 Week 12 Week 20 
Spray drying Vacuum -20 0.148±0.001 0.138±0.03 0.142±0.02 0.139±0.01 0.149±0.005 0.149±0.01 
  4 0.148±0.001 0.154±0.02 0.149±0.009 0.147±0.007 0.137±0.006 0.164±0.01 
  20 0.148±0.001 0.114±0.003 0.127±0.003 0.132±0.005 0.159±0.002 0.189±0.02 
  37 0.148±0.001 0.18±0.04 0.207±0.03 0.233±0.02 0.299±0.07 0.418±0.03 
  
Normal 
 
-20 
 
0.148±0.001 
 
0.121±0.02 
 
0.134±0.01 
 
0.145±0.01 
 
0.16±0.02 
 
0.176±0.01 
  4 0.148±0.001 0.111±0.02 0.127±0.02 0.136±0.02 0.155±0.02 0.183±0.02 
  20 0.148±0.001 0.116±0.01 0.122±0.01 0.127±0.01 0.145±0.002 0.251±0.08 
  37 0.148±0.001 0.215±0.11 0.239±0.04 0.226±0.02 0.149±0.006 0.242±0.02 
 
Freeze drying 
 
Vacuum 
 
-20 
 
0.163±0.002 
 
0.132±0.02 
 
0.136±0.01 
 
0.144±0.008 
 
0.151±0.005 
 
0.157±0.008 
  4 0.163±0.002 0.144±0.04 0.144±0.03 0.147±0.02 0.15±0.008 0.154±0.01 
  20 0.163±0.002 0.108±0.02 0.112±0.02 0.114±0.008 0.124±0.005 0.154±0.005 
  37 0.163±0.002 0.208±0.07 0.2±0.08 0.182±0.05 0.182±0.01 0.243±0.01 
  
Normal 
 
-20 
 
0.163±0.002 
 
0.108±0.02 
 
0.131±0.01 
 
0.148±0.01 
 
0.168±0.01 
 
0.177±0.02 
  4 0.163±0.002 0.103±0.02 0.121±0.01 0.145±0.008 0.154±0.01 0.156±0.005 
  20 0.163±0.002 0.101±0.01 0.108±0.01 0.112±0.01 0.121±0.01 0.13±0.007 
  37 0.163±0.002 0.153±0.01 0.143±0.02 0.131±0.02 0.193±0.006 0.234±0.04 
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Table 4.5. Cost-benefit analysis of spray-drying and freeze-drying of 100 kilogram H. pluvialis powder for long term storage. 
Drying 
method 
Energy cost of 
drying powder 
(AUD)
a 
Packaging Temperature (ºC) Retail value of 
astaxanthin (Week 0)
b 
Retail value of 
astaxanthin 
(Week 20)
c 
Profit margin at week 20 
(AUD: retail value – energy 
cost of drying powder) 
 
Spray-
drying 
(APV 
PSD 55 
Spray 
dryer) 
 
(50 kWh x 
0.27916) + 
0.91755 (daily 
service fee) = 14.9 
 
Vacuum 
 
-20 
 
1380 
 
1035 
 
1020.1 
 4 1380 880 865.1 
 20 1380 730 715.1 
 37 1380 170 155.1 
 
Normal 
 
-20 
 
1380 
 
840 
 
825.1 
 4 1380 690 675.1 
 20 1380 260 245.1 
 
 
37 1380 180 165.1 
Freeze-
drying 
(F100 
Freeze 
Dryer) 
 
(360 kWh x 
0.27916) + 
0.91755  = 101.4 
Vacuum -20 1950 1720 1618.6 
 4 1950 1400 1298.6 
 20 1950 740 638.6 
 
 
37 1950 180 78.6 
Normal -20 1950 1580 1478.6 
 4 1950 1270 1168.6 
 20 1950 585 483.6 
 37 1950 234 132.6 
a = based on the current price of electricity in Queensland, Australia (http://www.dews.qld.gov.au/energy-water-home/electricity/prices/current-
prices) accessed 28 October, 2014. AUD $1 equals approx. USD $0.82 or EUR €0.67.  
b = based on the astaxanthin content obtained in the current study (4.6 mg/g from spray-drying and 6.5 mg/g from freeze-drying) assuming a 
retail value of astaxanthin of $3000/kg.  
c = based on the astaxanthin degradation rate observed in the current study. 
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As expected, the samples kept at 37ºC had the highest DPAC (35.7 ± 0.9% on week 3 to 88.2 
± 0.08% on week 20) throughout the whole storage period, irrespective of the packaging 
condition. In the normal non-vacuum packed samples stored at 20ºC, the DPAC was also 
very high (35 ± 2.4% on week 3 to 81 ± 4.3% on week 20) staying close to the degradation 
(rates) of the samples stored at 37ºC (Fig. 4.1). The DPAC of the samples kept at -20ºC and 
4ºC rose to 24.7 ± 4% and 35.9 ± 3% respectively under vacuum and to 38.5 ± 2.4% and 50.2 
± 1%, respectively, under normal non-vacuum packaging conditions on week 20 (Fig. 4.1).    
 
The freeze-dried powder showed a similar pattern as the spray-dried samples at different 
storage conditions. The DPAC was also the highest at 37ºC (28.2 ± 3.3% on week 3 to 91.2 ± 
2.1% on week 20), irrespective of the packaging condition (Fig. 4.1). Similar to spray-dried 
algal biomass, the DPAC of the freeze-dried samples kept at 20ºC under normal packaging 
(23.3 ± 6.7% on week 3 to 70 ± 5.3% on week 20) were close to that of 37ºC during the 20 
weeks of storage (Fig. 4.1). The DPAC of the samples kept at -20ºC and 4ºC rose to 12.3 ± 
3.1% and 28 ± 4.2%, respectively, under vacuum and to 18.5 ± 0.9% and 35 ± 6.8%, 
respectively, under normal non-vacuum packaging conditions on week 20 (Fig. 4.1). 
 
Raposo et al. (2012) described DPAC through a polynomial model of second order and 
termed it as “ratio of astaxanthin degradation”. The model was expressed as follows: 
Ratio of astaxanthin degradation = at
2 
+ bt + c 
where t = time of storage (weeks) 
a, b, c = coefficients. 
The ratio of astaxanthin degradation calculated from the model as well as rates of degradation 
(2at + b) and acceleration of degradation constants (2a) are shown in Table 4.3. The model 
fits very well with the degradation data in most storage conditions as expressed by the R
2
 
109 
 
values (0.9 - 0.99), but in the case of freeze-dried vacuum powder stored at -20ºC and 4ºC the 
model did not fit well (R
2
: -20ºC = 0.72, 4ºC = 0.59) and therefore was not considered for the 
calculations. The acceleration of degradation constant was the lowest at -20ºC under all 
packaging conditions. Moreover, the constants were higher at normal packaging at 
temperatures from 4ºC and above.   
 
4.3.2 Changes in diester/monoester astaxanthin ratios 
 
The ratio of diester to monoester astaxanthin was determined as it presents an indication of 
asthaxanthin degradation because monoesters are reported to degrade more rapidly than 
diesters (Miao et al., 2013). It was slightly higher in the freeze-dried (0.163±0.002) than 
spray-dried (0.148±0.001) powder on week 0 (Table 4.4). Among the spray-dried samples, 
the ratio remained similar for the ones stored at -20ºC and 4ºC and vacuum-packed during the 
20 weeks of storage. The ratio increased to a much higher level on week 20 in the vacuum-
packed, spray-dried powder at 20ºC whereas at 37ºC the ratio kept going up with the increase 
in storage time and reached the highest level among all storage conditions (0.418±0.03) on 
week 20 (Table 4.4). A different pattern was observed in the normal non-vacuum packed 
spray-dried samples. The ratios were similar to the initial level at all storage temperatures 
except 37ºC (Table 4.4). In the case of freeze-dried powder, the ratio remained similar to the 
initial one at week 0 at all storage temperatures except 37ºC, irrespective of normal or 
vacuum packing (Table 4.4).  
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4.3.3 Cost-benefit analysis of H. pluvialis drying methods  
 
A cost-benefit analysis was carried out to establish the best drying conditions in a commercial 
scenario. As expected, the energy cost of producing freeze-dried powder (AU$101.4) was 
much higher than that of spray-dried powder (AU$14.9). However, due to lower astaxanthin 
retention capacity of spray-dried powder, the retail value of remaining astaxanthin content in 
powder that was vacuum-packed and stored at -20ºC is AU$685 lower than freeze-dried 
powder kept at similar storage conditions (Table 4.5). Despite the higher energy cost, the 
freeze-dried powder can still generate more profit margins than spray-dried powder as long as 
it is kept at or below 4ºC in the dark with minimal access to air.      
 
4.4 Discussion 
 
To our knowledge, this is the first report on the effect of spray- and freeze-drying on the 
stability of astaxanthin from the highly productive microalga H. pluvialis. We also conducted 
a cost-benefit analysis of the two drying processes that could be highly useful for the decision 
makers of the astaxanthin production industry. As expected, high temperatures played a 
significant role in the degradation of astaxanthin. The results are in agreement with Raposo et 
al. (2012), Miao et al. (2013), and Niamnuy et al. (2008) who also reported high degradation 
rates of astaxanthin at temperatures from 15ºC to 25ºC. Our results also confirmed the 
findings of these authors that air exposure can significantly degrade astaxanthin, as vacuum-
packing was found to retain more astaxanthin during the 20 weeks of storage. Our results also 
confirmed that the interaction of temperature and air exposure (non-vacuum packaging) can 
significantly degrade astaxanthin, irrespective of the drying process used. Raposo et al. 
(2012) reported that H. pluvialis powder with higher moisture content showed better 
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astaxanthin retention capacity and inferred that the moisture within the powder (termed as 
“wet character of the powder”) might have contributed to the prevention mechanism of 
astaxanthin degradation. Our results are in agreement with Raposo et al. (2012), as the 
freeze-dried biomass in this study had higher moisture content and exhibited slower 
astaxanthin degradation. This validates the postulation put forward by Raposo et al. (2012), 
although it remains unclear how moisture may help in the prevention mechanism of 
astaxanthin degradation. Therefore, follow-up studies using a broader range of moisture 
levels are required to confirm this hypothesis. 
 
In this study, the dried powder was vacuum-packed and the lowest storage temperature used 
was -20ºC which resulted in the degradation of 25% and 12% of astaxanthin in spray- and 
freeze-dried powder, respectively. Unlike the experimental design by Raposo et al. (2012), 
we did not use liquid nitrogen for storage of the powder but higher astaxanthin retention was 
recorded in our study even after a much longer storage period. This indicates that higher 
astaxanthin retention can be achieved by keeping the powder at -20ºC in vacuum-packed 
condition without the use of liquid nitrogen, thereby saving costs in the storage process.   
 
Miao et al. (2013) reported that monoester and diester astaxanthin comprised 75% and 15% 
of total astaxanthin, respectively in the H. pluvialis cysts. This ratio of diester to monoester 
(0.2) is reported to increase in correlation with higher degradation of astaxanthin, due to the 
higher stability of astaxanthin diesters (Miao et al. 2013). In the present study, the diester to 
monoester ratio was below 0.2 on week 0 and remained below 0.2 in the powder stored at -
20ºC, 4ºC, and 20ºC from both packaging and drying methods, with one exception (spray-
dried normally packed powder at 20ºC on week 20). However, the astaxanthin degradation 
was more than 20% on many occasions under those storage conditions. Our results are 
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therefore in disagreement with the inference of Miao et al. (2013) that a value of around 0.2 
of the ratio is a good indication of a proper preservation status of astaxanthin. Moreover, the 
diester to monoester ratio and the astaxanthin degradation rate in the powder stored at 37ºC 
indicate that both esters degrade at similar rates at such high temperatures and that diesters 
are also susceptible to degradation when they are exposed to high temperatures even in the 
absence of air. 
 
We conclude that freeze-drying of H. pluvialis can yield more astaxanthin than spray-drying 
and freeze-dried powder can retain more astaxanthin under vacuum packaging and storage at 
-20ºC. Moreover, the cost-benefit analysis showed that freeze-drying followed by vacuum-
packing and storing at -20ºC could generate around AU$600 higher profit per 100 kg biomass 
than spray-drying. The results clearly show that freeze-drying, vacuum-packing and storage 
at -20ºC of H. pluvialis is a preferred procedure in terms of maximizing profit per unit 
biomass and retention of bioactive astaxanthin. 
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Chapter 5: Pavlova lutheri is a high-level producer of phytosterols 
 
 
 
Adapted from “Faruq Ahmed, Wenxu Zhou & Peer M Schenk (2015) Pavlova lutheri is a 
high-level producer of phytosterols. Bioresource Technology 10, 210-217.” 
 
 
 
 
 
Highlights 
 
 Microalgae Pavlova lutheri, Tetraselmis and Nannochloropsis produce phytosterols 
 P. lutheri phytosterols were not salinity or nutrient induced but increased over time 
 Phytosterols of up to 5.1% dry weight could be produced in P. lutheri 
 P. lutheri could be a promising feedstock for commercial phytosterol production 
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5.1 Introduction 
 
Phytosterols or plant sterols belong to the chemical group known as triterpenes and they are 
structurally and functionally similar to cholesterol in the sense that they have four-ring 
steroid nucleus, the 3β-hydroxyl group and often a 5,6-double bond and also because they 
play a major role in maintaining stability of the phospholipid bilayers in cell membranes. The 
differences with cholesterol include the number of carbon atoms in side-chains (cholesterol 
has eight carbon atoms whereas phytosterols have 9 or 10; Fernandes & Cabral, 2007). 
Moreover, phytosterols can only be obtained by animals through their diets (Francavilla et 
al., 2012). 
 
Sterols are important constituents of cell membranes, being intertwined with phospholipid 
bilayers in all eukaryotes. Through such existence, the sterols play significant roles in the 
maintenance of cellular structural stability, and acclimation to membrane temperature 
(Piepho et al., 2012). Sterols help maintain fluidity and permeability by controlling 
movement of fatty acid chains within the membrane (Dufourc, 2008). More than 200 
different sterols have been reported in plants, whereas the most dominant sterol reported in 
animals is cholesterol (Nash et al., 2005; Volkman, 2005). The distribution of sterols in 
plants varies, with some species producing only one or two types, whereas others harbour ten 
or more different sterols (Martin-Creuzburg et al., 2007). Sterols have become useful 
biomarkers for the determination of the origin of organic matter in the sediments, due to the 
stability of these compounds over geologic time and thus have been used extensively for 
chemotaxonomic and phylogenetic comparisons (Francavilla et al., 2010). 
 
Phytosterols have become well known for their ability to lower cholesterol. It is well 
established that high total or low density lipoprotein (LDL) cholesterol is the major 
contributor to coronary heart disease (CHD) as well as morbidity and mortality in developed 
countries and 1% reduction in total cholesterol may reduce the risk of CHD by 3%. The 
cholesterol lowering ability of phytosterols was first reported in 1951 which led to the 
development of the product Cytellin
TM
 marketed by Eli Lilly. Phytoterols reduce the 
intestinal absorption of dietary and biliary cholesterol and studies have suggested that an 
intake of 2 g/day can cause a 10% reduction in the levels of LDL cholesterol in the blood and 
for this reason phytosterols have been used as additives in various food items such as 
margarine, yoghurt and milk during processing (Carmona et al., 2010). Besides lowering of 
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cholesterol, phytosterols have been reported to be involved in anti-inflammatory and anti-
atherogenicity, anti-cancer and anti-oxidative activities. In addition, evidence has been 
provided showing that phytosterols provide protection against nervous system disorders such 
as autoimmune encephalomyelitis, amyotrophic lateral sclerosis or Alzheimer's disease (Kim 
et al., 2008; Breitner & Welsh-Bohmer, 2000).  
 
Phytosterols are also used as raw materials for therapeutic steroids through processes 
involving bio and chemical transformations and the world market for such steroids was 
estimated at 1000 tonnes per year. In addition, phytosterols have already been introduced in 
the cosmetics industries e.g. in creams and lipstick (Fernandes & Cabral, 2007). With 
expansion of this market, research is focussing on identifying new natural sources of 
phytosterols and microalgae have been demonstrated as a suitable alternative source of these 
functional compounds. Currently, the main industrial sources of phytosterols are tallow and 
vegetable oils, but with the development of suitable induction, recovery and purification 
methods, microalgae may become a suitable environmentally friendly substitute for 
phytosterols production (Francavilla et al., 2010). Microalgae have recently created a wide 
interest due to several advantages: they possess high areal productivities, are relatively easy 
to cultivate, do not need to compete with food production for arable land or fresh water, and 
can adapt to environmentally changing conditions by producing a wide variety of secondary 
metabolites. Moreover, microalgae can be used to purify and take up nutrients from 
wastewater (Ibañez & Cifuentes, 2013). The biosynthesis of phytosterols can be triggered by 
metabolic engineering, either by controlling the cultivation conditions or by using genetic 
engineering. Currently, phytosterols have a global market of $300 million and this is 
expected to grow by 7-9% per annum (Borowitzka, 2013). Due to expanding market demand 
for nutraceuticals from natural sources, phytosterols from microalgae could potentially 
contribute significantly if their capacity to produce these secondary metabolites is fully 
explored.      
 
Although many microalgal strains have been studied for distribution of sterol compounds as 
reviewed by Volkman (2003), no screening study comparing the quantity of sterols in 
different strains has been reported so far. However, it has been reported that changes in 
growth conditions such as the renewal rate of semicontinuous cultures (Fabregas et al., 1997), 
salt concentration in the growth medium (Peeler et al., 1989; Zelazny et al., 1995; Francavilla 
et al., 2010), type of photobioreactor (Ponis et al., 2006), light and phosphorus content 
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(Piepho et al., 2010), temperature and silicate content (Piepho et al., 2012) and the stage of 
growth (Xu et al., 2008) can affect the production of sterols in the different microalgae 
strains studied so far.  
 
In this study, we screened for the first time ten microalgal strains (currently used in 
aquaculture and the nutraceuticals industry) for phytosterols on a per gram dry weight basis. 
The highest phytesterol-producing strain, Pavlova lutheri, was further analysed by applying 
nutrient and salinity changes in the growth medium and prolonged cultivation, leading to 
phytosterol accumulation as high as 5% DW.   
 
5.2 Materials and Methods 
 
5.2.1 Screening for phytosterol content in microalgal strains   
 
Out of several hundred microalgal isolates that were collected in coastal or brackish water 
and maintained at the Algae Biotechnology Laboratory at the University of Queensland, 
Australia, ten strains were selected, mainly based on their rapid growth and ease of handling 
compared to other cultures. Microalgal strains Dunaliella salina, Isochrysis galbana, 
Nannochloropsis sp. BR2, Pavlova lutheri, Pavlova salina, Chaetoceros muelleri, 
Tetraselmis chui, Tetraselmis suecica, Tetraselmis sp. M8 have been described previously 
(Lim et al., 2012). Phaeodactylum tricornutum was obtained from CSIRO’s collection of 
living microalgae (Strain ID: CS 29/8; GenBank Accession: EF140622.1). Pure cultures were 
obtained as described previously (Duong et al., 2012). Microalgal cultures (100 mL each) 
were inoculated from master cultures of various strains in 250 mL flasks with F/2 medium 
(AlgaBoost
TM 
F/2 2000x) and were grown at 25ºC with constant aeration under 16:8 h 
light/dark photoperiod of fluorescent white light (120 µmol photons m
-2
s
-1
). When cultures 
reached the late exponential growth phase (doubling times were twice as long as during 
highest exponential growth), the cultures were centrifuged, the supernatant was decanted and 
the remaining biomass was washed in MilliQ water before freeze-drying. The freeze-dried 
samples were kept at -20ºC until extraction for phytosterol analysis. 
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5.2.2 Cultivation of Pavlova lutheri at different nutrient levels and salinities 
 
Pure P. lutheri cultures from the University of Queensland’s Algae Biotechnology 
Laboratory master culture collection were inoculated in three 2 L-flasks with F/2 medium 
(AlgaBoost
TM 
F/2 2000x) at 35‰ salinity. When these separately-grown cultures reached the 
late exponential growth phase (as described previously), they were transferred to 200 mL F/2 
medium in 250 mL flasks and either grown at different nutrient levels or different salinities 
(three separately-grown cultures per treatment).   
 
Flasks containing nitrate and phosphate levels, three and six times of the normal F/2 medium 
content were designated as 3N, 6N, 3P and 6P, respectively. Another set of P. lutheri cultures 
containing regular F/2 medium was grown as controls. Biomass (25 mL culture) was 
collected regularly from each flask until 10 days since the initiation of the nutrient 
manipulation treatment. Medium was added every two days (addition of 100 µL 2000x F/2 
stock solution) to avoid any effect of nutrient deprivation during these 10 days. In a separate 
experiment, the P. lutheri cultures were grown until the nitrate and phosphate was used up 
(confirmed by using an API nutrient testing kit according to the manufacturer’s instructions). 
Afterwards, these cultures were grown in nitrate deplete (designated as N), phosphate deplete 
(P), or nitrate and phosphate replete (F/2) medium. A set of cultures without nitrate and 
phosphate in the medium was grown as controls (C). All treated cultures were grown in 
triplicates. Biomass (25 mL culture) was collected for 2 days after the initiation of nutrient 
deprivation treatments. All collected biomass was centrifuged (3000 x g; 3 min), washed in 
Milli-Q water, freeze-dried and kept at -20ºC until extraction. 
 
For the salinity experiment, biomass (25 mL samples) from cultures grown in 15, 25, 35 or 
45‰ was collected on days 2, 4 and 6 after transferring the cultures to the 250 mL flasks, and 
processed as described above.  F/2 medium was added every two days (addition of 100 µL 
2000x F/2 stock solution) to prevent nutrient deprivation. On day 11, the cultures were 50% 
diluted by addition of medium of the same salinity. Further biomass samples were collected 
on days 12, 14, 16 and processed as described above 
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5.2.3 Profiling and quantification of microalgal sterols 
  
Frozen dried microalgal biomass was transferred to 2 mL microcentrifuge tubes. Cholestanol 
(purchased from Sigma, and purified by HPLC) in toluene was added to each tube as internal 
standard (2.5 µg/sample). The samples were first saponified to reduce the fatty acids 
interference for the subsequent analysis. To saponify the sample, 0.5 mL of 10% methanolic 
KOH was added and incubated at 75ºC for 2 h. After cooling to room temperature and 
addition to 250 µL of 0.9% NaCl solution, the nonsaponifiable fraction (NSF) was extracted 
from the mixture with n-hexane. The NSF was dried under vacuum and sterols in NSF were 
converted to their trimethylsilyl esters by addition of 10 µL BSTFA with TCSM 
(BSTFA:TCSM=99:1) with 10 µL of anhydride pyridine as catalyst, and subjected for sterol 
analysis using Agilent 6890 gas chromatograph (GC) coupled with a 5975 mass selective 
detector. A total of 1 µL of sterols was injected for gas chromatography/mass spectrometry 
(GC/MS). A DB-5 type column (Varian factor4 VF, 30 m X 0.25 mm X 0.25 µm) was used 
for sterol analysis. The GC was programmed as following: initial temperature 100ºC and hold 
for 1 min. The temperature was ramped to 280ºC at 37ºC/min then to 325ºC at rate of 
10ºC/min followed by holding at the same temperature for the next 2 min. Sterols were eluted 
from the column from 15 to 20 min, and the sterols were identified based on their retention 
times and their fragmentation patterns of mass spectrometra. The amount of each sterol was 
calculated based on its response (total ion current, TIC) relative to that of the internal 
standard. 
 
5.2.4 Statistical analysis 
 
The effects of salt concentration in the medium and sampling days were compared by 
repeated measures two-way ANOVA followed by Tukey’s test in order to compare the 
differences between individual treatments. The differences were considered significant when 
P values were below 0.05.  Data were expressed in average ± SE. The statistical software 
GraphPad Prism 6.0 was used for the analyses. 
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5.3 Results 
 
5.3.1 Screening for phytosterols in microalgal strains isolated from brackish and 
seawater  
 
Among the 10 microalgal strains screened for sterols, the highest content by far was found in 
P. lutheri (26.05 mg/g dry weight (DW)), followed by Tetraselmis sp. M8 (4.32 mg/g DW), 
and Nannochloropsis sp. BR2 (4.04 mg/g DW; Fig. 5.1). The lowest content was measured in 
P. salina (0.16 mg/g DW). A total of 21 sterol compounds were detected in the 10 microalgal 
strains screened (Table 5.1). There was variability in the number and distribution of sterol 
compounds in the 10 microalgal strains with the highest number found in P. lutheri (11), D. 
salina (7), P. salina (6), and C. muelleri (5; Table 5.1). As expected, the most dominant sterol 
compounds were identical within the microalgal strains of the same genus (24-methylcholest-
5-enol for Tetraselmis and poriferasterol for Pavlova; Table 5.1). 
 
 
 
Figure 5.1. Ranking of ten microalgal strains by total sterol (mg/g dry weight; sum of 
detected sterol compounds). 
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Table 5.1. Composition (% of total sterols) of sterol in 10 microalgae strains from subtropical coastal and brackish water. 
Sterols Dunaniella 
salina 
 
Tetraselmis 
sp. M8 
Isochrysis 
galbana 
Tetraselmis 
chui 
Tetraselmis 
suecica 
Pavlova 
salina 
 
Pavlova 
lutheri 
Chaetoceros 
muelleri 
 
Nannochloropsis 
sp. BR2  
Phaeodactyllum 
tricornutum 
 
Cholesterol + (5.2) + (0.34) + (1.76) + (0.15) + (0.23) n.d. n.d. +++ (66.1) +++ (77.73) + (2.71) 
Epibrassicasterol  n.d. n.d. +++ (98.24) n.d. n.d. n.d. + (0.53) + (1.82) n.d. +++ (95.34) 
 
Ergosterol ++ (28.32) n.d. n.d. 
 
n.d. 
 
n.d. 
 
+ (1.43) n.d. n.d. 
 
n.d. n.d. 
24-Methylenecholest-5-enol n.d. n.d. n.d. n.d. n.d. 
 
n.d. n.d. + (1.88) n.d. 
 
n.d. 
Ergost-5-enol n.d. +++ (99.66) n.d. +++ (99.85) +++ (99.77) +(9.85) +(8.36) n.d. n.d. 
 
+ (1.94) 
24-Methylcholesta-7,22-dienol + (1.14) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Epicampestanol n.d. n.d. n.d. n.d. n.d. 
 
n.d. + (0.39) n.d. n.d. n.d. 
Poriferasterol n.d. n.d. n.d. n.d. n.d. ++ (35.2) 
 
++ (35.61) + (1.07) n.d. n.d. 
24-Ethylcholest-22-enol n.d. n.d. n.d. n.d. n.d. n.d. + (4.31) n.d. n.d. n.d. 
Fungisterol + (4.05) 
 
n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
24-Ethylcholesta-5,7,22-trienol ++ (58.5) n.d. n.d. n.d. n.d. + (3.6) 
 
n.d. n.d. n.d. n.d. 
Fucosterol n.d. n.d. ++ (29.1) n.d. n.d. n.d. n.d. n.d. + (8.28) n.d. 
Clinasterol n.d. n.d. n.d. n.d. n.d. ++ (24.62) ++ (24.26) n.d. n.d. n.d. 
Chondrillasterol + (0.64) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
24-Ethylcholestanol n.d. n.d. n.d. n.d. n.d. n.d. + (0.09) n.d. n.d. n.d. 
Isofucosterol n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. ++ (13.98) n.d. 
4-alpha-methylergost-22-enol n.d. n.d. n.d. n.d. n.d. n.d. + (2.05) n.d. n.d. n.d. 
4-alpha-Methylporiferast-22-enol n.d. n.d. n.d. n.d. n.d. ++ (15.74) ++ (22) n.d. n.d. n.d. 
Dihydrochondrillasterol + (2.1) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
22-Dehydroethylpavlovol n.d. n.d. n.d. n.d. n.d. n.d. + (0.42) n.d. n.d. n.d. 
Methylpavlovol n.d. n.d. n.d. n.d. n.d. n.d. +(1.98) n.d. n.d. n.d. 
n.d.: not detectable 
+++: high (>50% of total sterol content); ++: average (≤50% of total sterol content); +: low (<10% of total sterol content) 
Total sterol concentrations of the 10 microalgae strains are summarised in Fig. 5.1
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5.3.2 Induction of phytosterol production in P. lutheri 
 
Previous studies have shown that availability of nutrients and salility of the cultivation 
medium may influence phytosterol biosynthesis in microalgae (Francavilla et al., 2010; 
Piepho et al. 2012; Peeler et al., 1989; Zelazny et al., 1995;). When P. lutheri was grown 
under high nitrate or phosphate concentrations, the sterol contents varied from 5.0 ±0.8 mg/g 
DW (6P on day 2) to 7.6 ± 0.6 mg/g DW (control on day 10) during the 10 days of cultivation 
(Fig. 5.2). However, no significant difference in sterol content between different nitrate or 
phosphate levels and the control at different sampling days could be found (two way 
ANOVA; p>0.05). In the nutrient-starved biomass, the sterol content varied from 8.6 ± 0.9 
mg/g DW (control on day 2) to 9.5 ± 0.8 mg/g DW (F/2 on day 2) during the 2 days of 
rearing (Fig. 5.3). But similar to the high nutrient experiment, no significant difference was 
found in sterol content among the sampling days or the different nutrient levels (two way 
ANOVA; p>0.05). This suggests that nutrient levels may not play a major role for 
phytosterol biosynthesis in P. lutheri.  
 
Figure 5.2.Total sterol (mg/g dry weight) in Pavlova lutheri at regular (C), three and six 
times nitrate and phosphate levels (3N, 6N, 3P and 6P, respectively) of F/2 medium during 10 
days after the initiation of nutrient manipulation. Shown are mean values and SEs from three 
separately-grown cultures.  
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Figure 5.3.Total sterol (mg/g dry weight) in Pavlova lutheri at nitrate deplete (N), phosphate 
deplete (P), nitrate and phosphate deplete (C), and nitrate and phosphate replete (F/2) 
mediums during 2 days after the initiation of nutrient starvation. Shown are mean values and 
SEs from three separately-grown cultures.  
 
 
Figure 5.4. Total sterol (mg/g dry weight) in Pavlova lutheri at different salinities under 
adaptation and non-adaptation scenarios. Shown are mean values and SEs from three 
separately-grown cultures. Different letters indicate statistically significant difference 
(Tukey’s test; p<0.05). 
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Next, the effect of salinity on phytosterol production was tested in P. lutheri, both as a short 
term effect during 2-6 days after cultures were placed from 35‰ to higher or lower salt 
concentrations, and over a longer period up to 16 days after cultures were diluted for further 
growth on day 11.  Total sterol contents during the initial responses to salinity changes (2-6 
days) varied from 20.29 ± 0.96 mg/g DW (day 4; 25‰ salinity) to 29.44 ± 3.8 mg/g DW (day 
2; 15‰ salinity) but no significant differences were found between treatments (Fig. 5.4). 
However, when cultures were diluted on day 11 and adapted to the varying salt 
concentrations in the medium the total sterol contents slightly increased and varied from 
25.98 ± 4.8 mg/g DW (day 12 at 45‰ salinity) to 51.86 ± 3.8 mg/g DW (day 14 at 35‰ 
salinity). Significantly higher sterol levels were found for cultures grown at 25‰ on the 16th 
day (46.7 ± 10.1 mg/g DW compared to day 4: 20.29 ± 0.96 mg/g DW; Tukey’s test: p<0.05) 
and at 35‰ on the 14th day when compared to the non-adapted cultures (51.86 ± 3.8 mg/g 
DW compared to day 4: 23.94 ± 0.1 mg/g DW or day 6: 21.42 ± 1.9 mg/g DW;  Tukey’s test: 
p<0.05; Fig. 5.4). Statistical analysis confirmed that significant differences were observed 
between the sampling days but not for the different salinities (Table 5.2). As this effect was 
independent of changes in salinity, it was likely that the increase in total phytosterol was 
supported by the dilution of cells on day 11, leading to a lower cell density and a higher light 
exposure per cell as light was known to play a role in sterol biosynthesis by microalgae 
(Piepho et al. 2012). Notably, the results show that microalgal phytosterol contents higher 
than 5% DW are achievable in P. lutheri. 
Table 5.2. Repeated measures two way analysis of variance of salinity and sampling days for 
total sterol from Pavlova lutheri. 
Source of 
variation 
df SS MS F P 
Salinity 3 313.6 104.5 0.5809 0.6582 
Time 5 2123 424.7 6.438 0.001
** 
Salinity x Time 15 828.9 55.26 0.8377 0.6317 
** Highly significant p < 0.01
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5.3.3 Profiling of P. lutheri phytosterols at different salinities 
 
A total of nineteen sterol compounds were detected in P. lutheri biomass and their contents 
varied at different salinities of the medium (Table 5.3). Among these compounds, the 
concentrations of epicampestanol, ergost-7-enol, dihydrochondrillasterol, chondrillasterol, 
and an unknown compound (named as unknown-2) were very low (generally 10-20 µg/g 
DW) and therefore these compounds were not considered for statistical analysis due to the  
assumption that they had very little effect on the overall sterol content. Six other compounds, 
namely clinosterol, 4-alpha-methylporiferast-22-enol, methylpavlovol, 22-
dehydroethylpavlovol, and two other unknown compounds (named as unknown-1 and 
unknown-3) did not vary significantly at different salinities or sampling days (repeated 
measures ANOVA; p>0.05). Among the remaining eight compounds, poriferasterol, 
epicampesterol, ethylpavlovol, epibrassicasterol, and cholesterol showed significant 
differences in the first six days after the salinity change (repeated measures ANOVA; p<0.05) 
but no differences were found between the salinities or sampling days after cultures were 
adapted to the salinities (repeated measures ANOVA; p>0.05; Fig. 5.5). Poriferasterol in the 
35‰ cultures decreased over time when compared to other salinities and was the lowest on 
the 6
th
 day (Tukey’s test: p<0.05); however, the levels were higher on the 14th and 16th days 
in all salinities except 45‰ (Fig. 5.5). Similarly, ethylpavlovol had the highest levels on the 
6
th
 day after the salinity change (15‰ and 25‰)  and it continued to go up in the adapted 
cultures during later time points (Table 5.3; Fig. 5.5). On the contrary, epicampesterol and 
epibrassicasterol were at the highest level on the 2
nd
 day after the salinity change to 15‰ and 
the levels declined in the next four days (Tukey’s test: p<0.05; Fig. 5.5). Similarly, 
cholesterol was also at the highest level on the 2
nd
 day for all salinities tested (Tukey’s test: 
p<0.05) and it continued to decline as the cultures got older (Fig. 5.5). On the contrary, 22-
dehydromethylpavlovol differed significantly on the days 12-16 when the cultures were 
adapted to the salinities (repeated measures ANOVA; p<0.05) and was at the highest level for 
15‰ and 25‰ cultures on the 16th day (Tukey’s test: p<0.05) but did not differ in the first six 
days after osmotic shock (repeated measures ANOVA; p>0.05; Fig. 5.5). The remaining two 
compounds, 4-alpha-methylergost-22-enol and 4-alpha-methylergostanol differed at both 
early and late timepoints (repeated measures ANOVA; p<0.05; Fig. 5.5). After the salinity 
change, 4-alpha-methylergost-22-enol was higher at 15‰ and 25‰ than the 35‰ control 
culture on the 2
nd
 day and remained that way on the 6
th
 day (Tukey’s test: p<0.05) but the 
levels went up as the cultures grew older and reached the highest level on the 16
th
 day
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Table 5.3. Composition of sterol (mg/g) in P. lutheri grown at four salt concentrations (‰) on different sampling days after adaptation or non-adaptation to the growth medium.  
Sterol Day 2 Day 4 Day 6 Day 12 Day 14 Day 16 
15 25 35 45 15 25 35 45 15 25 35 45 15 25 35 45 15 25 35 45 15 25 35 45 
Cholesterol 0.1 0.1 0.17 0.1 0.07 0.08 0.13 0.09 0.02 0.06 0.06 0.09 0.02 0.02 0.03 0.04 0.02 0.02 0.05 0.03 0.01 0.02 0.02 0.02 
Epibrassicasterol 0.48 0.32 0.2 0.2 0.25 0.2 0.16 0.16 0.31 0.19 0.11 0.11 0.08 0.09 0.09 0.09 0.1 0.2 0.26 0.08 0.26 0.34 0.17 0.15 
Epicampesterol 3.1 2.6 2.4 1.97 2.26 1.75 1.89 1.94 2.36 2.2 1.62 1.71 1.75 1.74 1.47 1.6 1.63 2.06 2.9 1.5 2.15 2.47 1.57 1.69 
Epicampestanol 0.01 0.01 0.02 0.02 0.01 0.01 0.02 0.03 0.03 0.03 0.02 0.02 0.01 0.01 0.04 0.01 0.06 0.05 0.31 0.08 0.08 0.02 0.12 0.15 
Poriferasterol 11.2 8.5 9.7 8.6 8.4 7 7.8 7.5 9.8 7 6.3 6.4 8.2 7.6 7.3 6 8.8 9.6 12.3 6.6 11.2 13.1 8.1 7.8 
4-alpha-Methylergost-
22-enol 
1.47 1.6 1.24 0.97 1.23 1.02 1.09 0.99 1.59 1.19 0.78 0.81 1.05 1.41 1.16 0.97 1 1.95 2.47 0.92 2.26 2.84 1.76 1.23 
Ergost-7-enol 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.06 0.01 0.02 0.02 0.01 0.01 
Clionasterol 5.11 5.26 5.65 4.28 5.38 4.35 5.13 5.1 4.75 5.07 4.76 4.86 7.09 5.69 5.42 5.07 5.67 4.98 7.28 5.15 5.32 5.2 4.3 5.12 
4-alpha-
Methylergostanol 
0.25 0.25 0.24 0.19 0.2 0.19 0.21 0.24 0.28 0.33 0.13 0.18 0.22 0.29 0.3 0.26 0.24 0.5 0.8 0.45 0.45 0.66 0.48 0.47 
4-alpha-
Methylporiferast-22-
enol 
2.63 3.61 4.1 3.36 2.6 2.63 3.57 3.73 3.29 3.5 3.24 3.88 9 9.61 8.26 5.41 6.96 11 12.6 8.34 9.47 10.7 8.76 8.38 
Dihydrochondrillasterol nd nd 0.01 nd 0.01 nd nd nd nd nd 0.07 0.01 0.01 0.01 nd 0.01 nd 0.01 0.02 0.01 0.1 0.1 nd nd 
Chondrillasterol nd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 nd 0.01 0.05 0.01 
22-
Dehydromethylpavlovol 
0.13 0.09 0.09 0.1 0.09 0.08 0.08 0.1 0.15 0.12 0.12 0.11 0.27 0.34 0.18 0.13 0.32 0.36 0.34 0.12 0.38 0.37 0.19 0.13 
Methylpavlovol 4.23 4.22 3 3.22 2.9 2.32 3.13 3.34 4.47 4.2 3.31 3.54 9.09 7.65 5.78 5.44 7.82 9.65 10.7 5.55 10.3 9.4 6.16 6.53 
22-
Dehydroethylpavlovol 
0.02 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.04 0.05 0.1 0.08 0.06 0.03 0.09 0.11 0.11 0.06 0.1 0.08 0.06 0.07 
Ethylpavllovol 0.31 0.32 0.27 0.33 0.22 0.21 0.29 0.36 0.41 0.4 0.39 0.46 1.38 0.73 0.72 0.69 0.8 0.85 1.19 0.87 0.87 0.77 0.66 1 
Unknown-1 0.08 0.11 0.07 0.04 0.08 0.11 0.1 0.13 0.18 0.17 0.15 0.17 0.1 0.07 0.06 0.05 0.13 0.19 0.17 0.05 0.08 0.08 0.05 0.39 
Unknown-2 0.02 0.03 0.03 0.02 0.03 0.03 0.03 0.04 0.04 0.03 0.04 0.02 0.02 0.01 0.02 0.03 0.02 0.02 0.4 0.08 0.07 0.04 0.04 0.06 
Unknown-3 0.33 0.45 0.33 0.23 0.35 0.31 0.31 0.36 0.4 0.32 0.32 0.19 0.25 0.3 0.24 0.22 0.31 0.33 0.42 0.47 0.77 0.59 0.38 0.7 
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Figure 5.5. Composition of sterol (µg/g dry weight) in Pavlova lutheri under adaptation and 
non-adaptation scenarios at different salinities (‰). Shown are mean values and SEs from 
three separately-grown cultures. Different letters indicate statistically significant difference 
(Tukey’s test; p<0.05).  
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although they did not vary significantly then from the 35‰ cultures (Fig. 5.5). In case of 4-
alpha-methylergostanol, the contents were similar at all salinities until the 4
th
 day after the 
salinity change and by the 6
th
 day the levels decreased at higher salinities (Tukey’s test: 
p<0.05); the levels went up as the cultures grew older and reached the highest levels on the 
14
th
 and 16
th
 days although there was no significant difference among the different salinities 
(Tukey’s test: p>0.05; Fig. 5.5). 
 
5.4 Discussion 
 
To our knowledge this is the first report on screening for sterols on a per gram DW basis of 
several microalgal species that are currently used in the aquaculture and neutraceuticals 
industry. We also report here for the first time the distribution of individual sterol compounds 
and total sterol content in Tetraselmis chui, Pavlova salina and Chaetoceros muelleri. Among 
the other seven strains previously reported, only I. galbana and T. suecica had similar total 
sterol contents (Table 5.4). Apart from T. suecica, the number of sterol compounds detected 
in the previous studies has been different from what has been found in the present study. The 
differences can likely be attributed to the variation in the origin and type of strains, condition 
of growth, or the analytical procedures adopted by the different researchers. 
 
5.4.1 Effect of different nutrient and salinity of growth media on microalgal sterols 
content 
 
Nutrients especially phosphorus and silicate (for diatoms) have been reported to cause 
changes in the levels of sterols in the freshwater phytoplankton species studied by Piepho et 
al. (2012). However, no report on the nutrient effects (e.g. manipulation of nitrogen and 
phosphorus content or deprivation of nitrogen or phosphorus in the medium) of sterol 
accumulation in other high producing strains such as Dunaliella tertiolecta, D. salina or 
Pavlova lutheri is available. In our study, no significant change in sterol content could be 
found at high nitrate or phosphate levels or even at nitrate- and/or phosphate-deprived 
conditions. The results have some similarities with the findings of Piepho et al. (2010; 2012) 
who reported no effect of phosphorus on sterol contents in Cryptomonas ovata but interactive 
effects of light, temperature and nutrients (e.g. phosphorus and/or silicate) on sterol content in 
Scenedesmus quadricauda and Cyclotella meneghiniana. The lack of effect of phosphorus in 
the medium on sterol content in Cryptomonas ovata was attributed to the mixotrophic nature 
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of the species with the hypothesis that C. ovata switched to heterotrophy under unfavourable 
conditions, avoiding maintenance of the functions of the photosynthetic apparatus by 
changing the biochemical composition of chloroplast membranes (Piepho et al., 2012). This 
differs with the present study where P. lutheri was solely grown under autotrophic 
conditions.  
Changes of salinity in the culture medium have been reported to affect sterol contents since 
the 1980’s (Peeler et al., 1989; Zelazny et al., 1995; Francavilla et al., 2010) but the studies 
were carried out on Dunaliella spp. probably because of their ability to withstand various 
salinity levels, and due to the hypothesis that quick adjustment of sterol in the cell membrane 
may offer an advantage for salinity adaptation. These authors reported a decrease in sterol 
contents with an increase in salt concentration, postulating that the hyperosmotic shock 
caused a two-stage response in the cell membrane where at first the sterols act to increase the 
low membrane lipid order followed by a decrease in sterol contents as the new status of 
membrane lipid order was achieved due to the stability of the new osmotic equilibrium 
(Francavilla et al., 2010). In the present study, P. lutheri cultures were initially grown in 35‰ 
salt medium but then transferred to 15, 25, 35 and 45‰ salt medium which did not show any 
difference in sterol contents over the next six days. This agrees with the findings of Peeler et 
al. (1989) but differs with the findings of Zelazny et al. (1995) and Francavilla et al. (2010), 
indicating that the postulation outlined by Francavilla et al. (2010) for the decrease in sterol 
contents due to hyperosmotic shock may not be applicable for P. lutheri. The theory is not 
applicable for P. lutheri also because of our findings that the sterol contents were high at 
15‰, 25‰ and 35‰ even 16 days after the osmotic shock indicating that sterols were still 
playing a major role in reaching the membrane lipid order a long time after the salinity shock 
was provided. Possible reasons for the significantly higher contents of sterols in cultures 
grown for longer times (Fig. 5.4) maybe caused by the accumulation of certain nutrient 
components or exudates in the growth medium, or by the dilution of cultures on day 11, 
leading to lower cell densities and increased light exposure on a per cell basis. Indeed, high 
light (e.g. 500 µmol photons m
-2 
s
-2
)
  
in combination with high phosphorus contents in the 
medium has been reported to play an important role in increasing sterol content in S. 
quadricauda (Piepho et al., 2010). Further studies on the effect of light may lead to further 
sterol accumulation in P. lutheri.  
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Table 5.4. Comparison of total sterol content of microalgae strains used in the current study 
with previous reports 
Microalgae Total sterols in 
previous 
studies (mg/g) 
Current study 
(mg/g) 
No of sterol 
compounds detected 
in previous studies 
Current 
study 
Isochrysis galbana 2.25
1
; 2.5
2
  2.44 4
1
; 2
2
 3 
Nannochloropsis 
oculata 
2.3
2
 4.04 6
2 
3 
Dunaiella salina 8.89
3
  2.26 12
3 
7 
Pavlova lutheri 8.45
1
  26.05 8
1 
11 
Phaeodactyllum 
tricornutum 
1.1
4
  3.37 1
4 
3 
Tetraselmis suecica 2.1
4
 2.51 2
4 
2 
1: Soudant et al., 1998; 2: Xu et al., 2012; 3: Francavilla et al., 2010; 4: Fabregas et al., 1997 
 
Table 5.5. Comparison of phytosterol levels in food and microalgae. 
Food Sterol Content 
(mg/100g) 
References 
Vegetable oil (crude):  Fernandes & 
Cabral, 2007 
Corn 850  
Rapeseed 820  
Sunflower 430  
Soya 350  
 
Vegetables and fruits: 
  
Cauliflower 
Broccoli 
Alfalfa shoots 
Avocado 
Chinese cabbage 
Brussels sprouts 
Blueberry 
410 
341 
338 
293 
279 
239 
217 
Piironen et al., 2003 
 
Microalgae: 
  
Pavlova lutheri 
Dunaliella tertiolecta 
Dunaliella salina 
5186 
1130 
889 
This study 
Francavilla et al., 
2010 
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5.4.2 Effect of salinity and adaptation to salt concentrations on individual sterol 
compounds 
 
The composition of sterols was similar in all salt concentrations tested (Fig. 3), confirming 
the assertion that the profile of sterols can be useful for chemotaxonomic and phylogenetic 
comparisons, as the sterol profiles can be the characteristic of microalgae taxa (Volkman, 
1986; Patterson, 1991). Among the different sterol compounds identified at the adaptation 
and non-adaptation scenarios, significant differences were observed for 4-alpha-
methylergost-22-enol and 4-alpha-methylergostanol, which constitute a minor portion of the 
total sterol (~6%; Fig. 5.5). This indicates that these two compounds are actively involved 
during the response to the osmotic shock process and may also have been the intermediaries 
in the sterol biosynthetic pathway which explains the small percentage in the overall sterol 
content of P. lutheri. In the present study, although total sterol contents did not differ, a 
higher number of compounds varied significantly at different salinity concentrations soon 
after the osmotic shock, compared to when P. lutheri was allowed to adapt to the different 
salt concentrations in the medium. This indicates that soon after the salinity change most of 
the sterol compounds present in P. lutheri actively participated in the cell recovery process, 
but with the passage of time as the equilibrium is restored through adjustment to the new 
osmotic condition in the cell membrane, fewer sterol compounds varied. The subtle sterol 
profile changes after prolonged growth in the adaptation scenario may have been due to their 
involvement in the turning over of sterols, as pointed out by Zelazny et al. (1995), rather than 
adaptation to the salinity levels or the medium dilution on day 11, as the passage of the 14 or 
16 days may be too long to be still responding to the osmotic imbalance in the cell 
membrane.  
 
In the present study, the major three sterol compounds in P. lutheri were 4-alpha-
methylporiferast-22-enol, poriferasterol, and clionasterol. In addition to cholesterol-lowering 
activity in hypercholesterolemia-induced rabbits (Loquellano et al., 2014), these compounds 
have been confirmed to have anti-inflammatory activity (Sharma et al., 2014), in vitro and in 
vivo anticancer activity, especially against hepatocellular carcinoma, and these compounds 
were able to restore the levels of liver enzymes such as ALT, AST and albumin (Shabana et 
al., 2013). Moreover, a combination of these sterol compounds with cocoa polyphenols and 
extracts of a composition of plants containing these sterol compounds were reported to treat, 
prevent or reduce the risks of heart arrhythmias, diseases involving defective gapjunctional 
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communication between cells such as cognitive dysfunction, stimulate immune system, 
promote prostate health, and assist treatments of chronic and degernerative diseases involving 
malignant tumors (Sies, 2013; Vivanco & Bejarano, 2014). The other major sterol compound, 
epicampesterol or 22-dihydrobrassicasterol (synonym of 24-campesterol; Moreau et al., 
2002) has been reported to possess antimicrobial activity against Staphylococcus aureus and 
Escherichia coli (Tanaka et al., 2013). Another major sterol compound, methylpavlovol has 
been found in several Pavlova strains (Patterson et al., 1993; Ghosh et al., 1998) and is 
reported to contribute significantly to metabolic activities in scallops (e.g. Pecten maximus) 
and oysters (e.g. Crassostrea gigas; Soudant et al., 1998; Knauer et al., 1999; Ponis et al., 
2006). However, its impact on human cells is yet to be studied.  
 
Currently, exploitation of microalgae for the purpose of producing phytosterol is an 
unexplored area due to the suggestion that the average levels are very low going as far as 
0.57% for diatoms and 3% in dinoflagellates (Volkman, 2003). The findings in our study of 
5.1% sterol content in P. lutheri is higher than such estimates and could make P. lutheri a 
promising candidate for further studies targeting the commercial production of these 
beneficial compounds. Phytosterols from P. lutheri microalgae present the highest percentage 
reported among various vegetables, fruits, and crude vegetable oils (Table 5.5). The high 
sterol content in P. lutheri presents an additional benefit from this strain as a highly sought 
after microlaga because P. lutheri is already commercially used in shellfish hatcheries and 
well known as a good source of omega 3 fatty acids (Carvalho et al., 2005) and its high 
phytosterol content may make this species amenable for a microalgal biorefinery concept.      
      
5.5 Conclusion 
 
The haptophyte microalga Pavlova lutheri was identified as a promising candidate strain for 
the commercial production of phytosterol after screening ten fast-growing microalgal strains 
of importance in the aquaculture and nutraceuticals industries. Nutrient alterations in the 
medium or the exposure to osmotic shock by salinity changes did not cause a significant 
increase in phytosterol production in P. lutheri. However, allowing the cultures to grow for a 
longer period of time caused higher production of sterols. The mechanism of such higher 
production at aged cultures requires further investigation. 
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Chapter 6: Effect of UV-C radiation and hydrogen peroxide treatment on 
sterol production in the microalga Pavlova lutheri  
 
 
 
 
Highlights 
 
 Pavlova lutheri phytosterol contents were increased by UV-C radiation. 
 Among the nineteen sterol compounds indentified in P. lutheri, poriferasterol, 
epicampesterol, 4α-methylergost-22-enol, ergost-7-enol, dihydrochondrillasterol, and 
chondrillasterol increased due to UV-C radiation.  
 Although total sterols did not increase due to H2O2 treatment, higher production of 4α-
methylergostanol was observed in the treated biomass. 
 Higher activity of superoxide dismutase and malondialdehyde  was observed in the 
treated biomass 
 UV-C radiation can be a useful tool to boost industrial phytosterol production from P. 
lutheri 
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6.1 Introduction 
Sterols are important constituents of the cell membranes, along with phospholipids and 
together they maintain stability, fluidity and permeability of materials in the membrane 
structures of cells (Dufourc, 2008). Sterols are very diverse in plants and this diversity has 
been a useful tool for chemotaxonomic and phylogenetic comparisons of various plant 
species (Francavilla et al., 2010). Plant sterols or phytosterols have become particularly 
interesting for the biotechnology industry in the last few decades due to the discovery that 
they can significantly reduce the intestinal absorption of dietary and biliary low density 
lipoprotein (LDL) cholesterol and help maintain good cardiovascular health. Because of such 
properties, phytosterols are currently used as additives in various products such as milk, 
margarines and yoghurt (Carmona et al., 2010). Moreover, phytosterols are reported to 
provide protection against nervous system disorders such as amyotrophic lateral sclerosis, 
autoimmune encephalomyelitis, or Alzheimer's disease and they also possess anti-oxidative, 
anti-inflammatory, anti-atherogenicity and anti-cancer properties (Kim et al., 2008; Breitner 
& Welsh-Bohmer, 2000). The applications of phytosterols in the industry also include 
cosmetics (e.g. lipstick and creams), and therapeutic steroids (Fernandes & Cabral, 2007). 
   
Current industrial sources for phytosterols are tallow oil and vegetable oils. With an expected 
growth of 7-9% per year from the current global market base ($300 million), phytosterols 
represent one of the highly lucrative sectors in the biotechnology industry (Borowitzka, 
2013). Among the other various sources of phytosterols, microalgae can be very useful due to 
the well-known advantages that they are relatively easy to cultivate in arable and non-arable 
lands eliminating competition with food production, they can adapt to varying environmental 
conditions by producing various secondary metabolites, and they can also be used to purify 
and take up nutrients from wastewater (Ahmed et al. 2014). Although many microalgael 
strains have been studied for distribution of different sterol compounds (Volkman, 2003), the 
potential for industrial production of phytosterols from these strains has remained mostly 
unexplored. Recently, Dunaliella tertiolecta and D. salina have been reported as promising 
microalgal strains for phytosterols due to good quantities (0.9-1.3% dry weight, DW) and in 
vivo immunomodulatory activity (Francavilla et al., 2012). Moreover, the haptophyte 
microalga Pavlova lutheri is found to have high contents of sterols requiring further studies to 
increase its production and also to understand the trigger mechanism of the accumulation of 
such high quantities. Among the different factors known to affect sterol production in 
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microalgae are growth conditions such as salinity of the medium (Peeler et al., 1989; Zelazny 
et al., 1995; Francavilla et al., 2010), renewal rate of semicontinuous cultures (Fabregas et 
al., 1997), photobioreactor type (Ponis et al., 2006), the stage of growth (Xu et al., 2008), 
nutrient (e.g. phosphorus, and silicate) content, light and temperature (Piepho et al., 2010; 
2012). 
Recently, UV-C radiation (100-280 nm) has been reported as a useful tool for inducing lipid 
(Sharma et al. 2014) and carotenoid production in several strains of microalgae. It is well 
known that band C of the UV radiation does not reach the surface of the Earth; however, this 
band possess the highest energy per photon and sterols being part of the lipid class could 
potentially be induced for higher production in microalgae. No information on the use of UV-
C radiation for inducing phytosterol accumulation is available so far. 
 
The production or addition of hydrogen peroxide (H2O2) in the medium causes oxidative 
damage to the cells through the production of reactive oxygen species (ROS). This induces 
the accumulation of antioxidants such as carotenoids (e.g. astaxanthin, lutein) in the cells 
(Wei et al. 2008; Ip and Chen 2005). Due to the discovery that sterols could act as 
antioxidants (Fernandes & Cabral 2007), it can be hypothesised that the presence of H2O2 in 
the medium would increase the accumulation of sterols in microalgae, however, to our 
knowledge no information is available so far in support of that.       
     
In this study, we reportthe effects of UV-C radiation and hydrogen peroxide (H2O2) treatment 
on sterol production in the commercially important microalga Pavlova lutheri. We also report 
the activities of the antioxidant enzymes superoxide dismutase (SOD), and malondialdehyde 
(MDA) under UV-C radiation and H2O2 treatment in order to understand the mechanism of 
sterol production due to these stresses.  
 
6.2 Materials and methods 
 
6.2.1 Algal strains and growth conditions 
 
The microalga Pavlova lutheri was collected from an unknown location in the UK. The 
details of the strain and the protocol for obtaining pure cultures were described previously 
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(Lim et al. 2012; Duong et al. 2012). Microalgal cultures were inoculated from master 
cultures in 2 L-Erlenmeyer flasks with F/2 media (AlgaBoost
TM 
F/2 2000x; Ausaqua Pty Ltd, 
Wallaroo, South Australia, Australia) under a light intensity of 120 μmol photons m−2s−1 on a 
16h: 8h light/dark cycle at 22ºC with constant aeration. All P. lutheri cultures were grown in 
3.5% saline medium for at least 10 days before the initiation of the UV-C radiation and H2O2 
treatments due to the findings in previous studies (Chapter 5) that this adaptation caused 
higher accumulation of sterols.   
6.2.2 UV-C radiation 
The salinity (3.5%) acclimatised P. lutheri cultures were irradiated in 50, 100, 150, 200 and 
250 mJ m
-2
 of radiation in a UV-C chamber (Gs-Genelinker, BioRAD, USA). The cultures 
were grown in F/2 medium during the treatment to avoid any effect of nutrient deprivation on 
sterol production. All irradiated cultures were grown in triplicates. A set of cultures (n = 3) 
with no UV-C irradiation was grown as controls. Biomass was collected on the 1
st
 and 2
nd
 
day after the UV-C irradiation. The collected cultures were centrifuged (3000 x g; 3 min), 
washed in Milli-Q water, freeze-dried and kept at -20
°
C until extraction. 
   
6.2.3 H2O2 treatment 
The salinity (3.5%) acclimatised P. lutheri cultures were treated in 1, 5, 10, 50, 100, and 500 
µmol/L of H2O2. The cultures were grown in F/2 medium during the treatment to avoid any 
effect of nutrient deprivation on sterol production. All treated cultures were grown in 
triplicates. A set of triplicate cultures with no H2O2 addition were grown as control. Biomass 
was collected on the 1
st
 and 2
nd
 day after the H2O2 treatment. The collected cultures were 
centrifuged (3000 x g; 3 min), washed in Milli-Q water, freeze-dried and kept at -20
°
C until 
extraction. 
 
6.2.4 Antioxidant enzyme assay 
The amounts of antioxidant enzymes superoxide dismutase (SOD), and malondialdehyde 
(MDA) in the UV-C irradiated and H2O2 treated cells at 3, 24, and 48 hours after the 
treatments were quantified by following the protocols as described in the respective enzyme 
assay kits (Cayman Chemical Co., Michigan, USA). 
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6.2.5 Analysis for sterols  
Frozen, dried microalgal biomass was transferred into 2 mL microcentrifuge tubes. 
Cholestanol (purchased from Sigma, and purified by HPLC) in toluene was added to each 
tube as internal standard (2.5 µg/sample). The samples were first saponified to reduce the 
fatty acids interference for the subsequent analysis. To saponify the sample, 0.5 mL of 10% 
methanolic KOH was added and then incubated at 75ºC for 2 h. After cooling to room 
temperature and addition of 0.25 mL of 0.9% NaCl solution, the nonsaponifiable fraction 
(NSF) was extracted from the mixture with n-hexane. The NSF was dried under vacuum and 
sterols in NSF were converted to their trimethylsilyl esters by adding 10 µL BSTFA with 
TCSM (BSTFA: TCSM=99:1) with 10 µL of anhydride pyridine as catalyst, and subjected 
for sterol analysis using Agilent 6890 GC coupled with a 5975 mass selective detector. A 
total of 1 µL of sterols was injected to GC/MS. A DB-5 type column (Varian factor 4 VF, 30 
m X 0.25 mm X 0.25 mm) was used for sterol analysis. The GC was programmed as 
following: initial temperature 100ºC and hold for 1 min. the temperature was ramped to 
280ºC at 37ºC/min then to 325ºC at a rate of 10ºC/min followed by holding at the same 
temperature for the next 2 min. Sterols were eluted from the column from 15 to 20 min, and 
the sterols were identified based on their retention times and their fragmentation patterns of 
mass spectrometra. The amount of each sterol was calculated based on its response (total ion 
current, TIC) relative to that of the internal standard. 
 
6.2.6 Statistical analysis 
The effects of UV-C radiation (50 – 250 mJ m-2) and H2O2 treatment (1-500 µmol/L) and 
sampling days on sterol accumulation were compared by repeated measures two-way 
ANOVA followed by Tukey’s test in order to compare the differences between individual 
treatments. The differences were considered significant when p values were below 0.05.  
Data were expressed in average ± standard error. The statistical software GraphPad Prism 6.0 
was used for the analyses. 
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6.3 Results 
 
6.3.1 UV-C radiation induced phytosterol biosynthesis in P. lutheri 
Following UV-C radiation of P. lutheri cultures, the total sterol contents varied from 9.9 ± 
2.3 mg/g DW (200 mJ m
-2
 on day 2) to 20.3 ± 0.4 mg/g DW (100 mJ m
-2
 on day 2) in the two 
days of cultivation after the treatment (Fig. 6.1). Significant differences in total sterol 
contents were found between the different radiation levels to the mock-treated control 
cultures on the second day after the irradiation (two way ANOVA; p<0.05). Higher total 
sterol contents compared to controls was found in the cultures irradiated at 100 mJ m
-2
 (100 
mJ m
-2
: 20.3 ± 0.4; controls: 10.2 ± 2.1 mg/g DW; Tukey’s test: p<0.05; Fig. 6.1).  
Nineteen sterol compounds were found in the P. lutheri biomass. Among them the major 
compounds were clionasterol, 4α-methylporiferast-22-enol, poriferasterol, methylpavlovol, 
epicampesterol and an unknown compound (designated as unknown-3) and 
 
Figure 6.1. Total sterols (mg/g DW) in Pavlova lutheri following different dosages of UV-C 
radiation (mJ m
-2
). Shown are mean values and SEs from three separately-grown cultures, 
each. Different letters indicate statistically significant differences (Tukey’s test; p<0.05). 
their contents varied for different UV-C radiation levels (Table 6.1). Due to low 
concentrations (0.3-130 µg/g DW) of cholesterol, epibrassicasterol, epicampestanol, 4α-
methylergostanol, 22-dehydromethylpavlovol, 22-dehydroethylpavlovol, ethypavlovol, and 
an unknown compound (designated as unknown-2), statistical analyses were not conducted 
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on these compounds with the assumption that they did not have a significant effect on the 
overall sterol content (Table 6.1). Among the remaining eleven compounds, the levels of 
clionasterol, 4α-methylporiferast-22-enol, methylpavlovol, unknown-1, and unknown-3 did 
not vary significantly at the different radiation levels (two way ANOVA; p>0.05). Out of the 
six remaining compounds, 4α-methylporiferast-22-enol increased significantly at 100 mJ m-2 
on both sampling days when compared to controls (Tukey’s test: p<0.05; Fig. 6.2). 
Poriferasterol and epicampesterol increased significantly only on the second day after 100 
and 50-100 mJ m
-2, respectively (Tukey’s test: p<0.05; Fig. 6.2). However, ergost-7-enol, 
chondrillasterol and dihydrochondrillasterol increased significantly on both sampling days 
after radiation with 50-150, and 50-100 mJ m
-2
 (chondrillasterol only) (Tukey’s test: p<0.05; 
Fig. 6.2). Interestingly, the levels of ergost-7-enol and chondrillasterol were too low for 
detection in controls but good quantities (100 – 506 µg/g DW; Table 6.1) were detected in 
biomass irradiated at 50-150 mJ m
-2 
on both sampling days (Fig. 6.2). 
6.3.2 Effect of H2O2 treatment  
The total sterol contents in the H2O2 treated biomass varied from 19.54 ± 4.6 mg/g DW (1 
µmol/L on day 2) to 30.92 ± 0.4 mg/g DW (50 µmol/L on day 1) in the two days of 
cultivation after H2O2 treatment (Fig. 6.3). No significant difference in total sterol contents 
were found between the different dosages with the control on both sampling days after the 
treatment (two way ANOVA; p>0.05). Similar to UV-C radiation, a total of nineteen sterol 
compounds were found in the P. lutheri biomass (Table 6.2). The major compounds in the 
sterol composition were 4α-methylporiferast-22-enol, poriferasterol, clionasterol, 
methylpavlovol, epicampesterol and an unknown compound (designated as unknown-3) and 
their contents varied at different H2O2 concentrations. However, among the different 
compounds detected, only 4α-methylergostanol increased significantly on the first day after 
H2O2 treatment at 100 µmol/L (Tukey’s test: p<0.05; Fig. 6.4). 
Similar to UV-C radiation, the levels of cholesterol, epibrassicasterol, epicampestanol, 
ergost-7-enol, chondrillasterol, 22-dehydromethylpavlovol, 22-dehydroethylpavlovol, and 
ethypavlovol were very low (0.2-215 µg/g DW; Table 6.2) and therefore, statistical analyses 
were not conducted on these compounds due to the assumption that they did not have 
significant effect on the overall sterol content. No significant difference in the levels of other 
compounds could be found at different H2O2 concentrations on both sampling days (two-way 
ANOVA; p>0.05).      
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Table 6.1. Composition of sterol (µg/g DW) in P. lutheri grown for two days after different levels of UV-C irradiation (mJ m
-2
). 
Sterol Day 1 Day 2 
Control 50 100 150 200 250 Control 50 100 150 200 250 
Cholesterol 1.6±0.2 1.7±0.4 11.6±4.5 22.7±15.6 19.8±7.1 15.5±9.9 0.7±0.3 65.5±60.1 30.5±11.8 130.7±54 76.6±40.8 98.4±30.2 
Epibrassicasterol 0.4±0.4 0.6±0.2 6.5±1.5 2.4±0.3 4.2±1.6 3.9±0.6 2.6±0.7 0.5±0.3 9.4±2 2.1±0.5 3.2±0.5 11±2.9 
Epicampesterol 657±89 1289±156 1215±169 987±51 962±212 822±21 630±151 1395±1.7 1454±45 1049±120 726±116 803±55 
Epicampestanol 0.3±0.3 3.7±0.6 7.7±4.3 7.3±0.3 1.8±0.5 4.9±2 0.5±0.5 6.1±1 11.2±4.8 3.2±0.5 3.4±0.1 5.6±1.7 
Poriferasterol 1500±104 1731±167 2567±379 2142±238 2658±603 2210±135 1912±478 1624±55 3847±76 2287±182 2106±490 2369±284 
4-alpha-Methylergost-
22-enol 
52±16 42±1.2 224±53 93±20 167±58 164±39 66±17 42±0.6 304±16 102±11 119±28 163±22 
Ergost-7-enol n.d. 407±6.4 382±148 296±22 60±35 31±0.3 n.d. 506±11 434±24 237±14 40±24 21±12 
Clionasterol 3366±50 3544±296 2517±742 2815±25 3092±59 2390±77 3099±558 3596±115 3401±336 3249±727 2156±287 2539±231 
4-alpha-
Methylergostanol 
8.8±7.1 12.7±5.7 87.8±12.7 89±0.8 124±13.5 69.9±11.5 15.9±4.3 21.2±13.8 124±8.6 89.6±3.3 74.2±19.2 73.7±2.4 
4-alpha-
Methylporiferast-22-
enol 
1759±136 1789±282 2895±833 2480±162 3164±1142 2129±181 1723±382 1512±227 4066±124 2281±239 1970±581 1779±320 
Dihydrochondrillasterol 11.4±3.1 175±25 215±86 202±9.9 45±32 34±9.3 7.3±1 246±48 299±27 169±16.6 24.2±15.6 19.4±8.6 
Chondrillasterol n.d. 345±27 298±114 172±40 30.4±21 9.2±0.6 n.d. 321±15.6 339±4 100±0.9 10.8±5.7 4.5±3.4 
22-
Dehydromethylpavlovol 
2.3±2.3 9.3±2.2 40.2±7.7 28.7±21.6 27.4±6.1 7.6±7.6 12.2±4.1 11.9±8 38±4 6.6±6.6 20.8±11.7 13±7 
Methylpavlovol 577±96 772±202 1524±203 1316±481 1544±427 607±254 904±123 1038±215 2021±18 956±58 843±231 790±275 
22-
Dehydroethylpavlovol 
1.2±1.2 4.1±0.2 5.2±1.8 11.5±7.2 9.8±4.2 n.d. 9.4±3.1 14.3±7.7 12.9±1.1 3.8±1.6 2.6±1.3 3.9±3.9 
Ethylpavllovol 2.2±2.2 16.1±8.5 35.1±9.3 18.7±18.7 22.8±4.9 n.d. 20±11 29.6±15 52.4±3.1 5.4±5.4 15.8±7.8 7.3±7.3 
Unknown-1 538±75 519±69 621±291 559±1.1 859±291 507±99 674±267 572±25 1076±52 913±140 540±181 536±49 
Unknown-2 9±4.6 84±9.4 91.4±53 60.6±46 67±29 60±42 21±9.4 30.8±7.5 99.2±25 29.2±4.7 25.4±11 46.9±25 
Unknown-3 1501±61 1435±155 2133±5 1785±66 1485±577 1631±156 1104±68 1151±417 2171±335 1994±22 1127±262 1317±281 
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Figure 6.2. Composition of sterol (µg/g DW) in Pavlova lutheri following different dosages 
of UV-C radiation (mJ m
-2
). Shown are mean values and SEs from three separately-grown 
cultures, each. Different letters indicate statistically significant differences (Tukey’s test; 
p<0.05).  
 
141 
 
Table 6.2. Composition of sterol (µg/g DW) in P. lutheri grown for two days after different doses of H2O2 treatment (µmol/L). 
Sterol Day 1 Day 2 
Control 1 5 10 50 100 500 Control 1 5 10 50 100 500 
Cholesterol 0.7±0.7 2.2±2.2 214.9±213.5 16.7±16.3 1.1±1.1 14.3±10.3 12.6±5 2.4±2 14±13.6 79.4±79.4 1.9±1.4 61±59.8 8±3 38.8±37.7 
Epibrassicasterol 6.4±2.5 4.1±3 31.7±21.2 21.7±5.8 22.2±4.4 18.3±0.4 13.9±7.5 9.4±1.1 19.6±15.9 24.3±18 9.6±7.2 15.6±7 15.6±4.7 12.5±0.5 
Epicampesterol 881±45 1267±55 1506±432 1308±112 1595±11 1940±312 1015±188 1062±140 1160±238 1497±499 1015±232 1306±41 1796±634 1097±85 
Epicampestanol 0.2±0.2 0.7±0.7 6.6±6.2 4.9±3.2 3.9±0.7 5.3±3.2 1.6±1.8 1.2±0.7 2.1±1.6 3.2±3.2 0.3±0.3 1.3±1.3 4.5±4.5 3.6±3.3 
Poriferasterol 4272±404 3350±222 5389±1873 4787±299 6509±19 6219±518 4530±148 4627±1304 4328±550 6088±1395 3665±305 6250±1136 6271±2203 3769±715 
4-alpha-Methylergost-
22-enol 
330±58 205±46 483±226 490±154 449±53 425±89 243±46 307±70 243±87 466±168 252±119 322±80 327±79 224±53 
Ergost-7-enol 0.2±0.2 2.5±2.5 7±6.6 4±2.8 1.2±0.7 3.9±3.2 6.2±2.7 0.3±0.3 0.6±0.5 3.5±3.5 1.2±0.4 0.5±0.5 0.9±0.6 1.1±1.1 
Clionasterol 3379±376 4429±491 4563±637 4146±105 3921±331 3857±472 2840±103 3036±532 3653±653 4113±757 3497±334 4262±423 2917±77 2600±709 
4-alpha-
Methylergostanol 
45±23 20±3.7 121±86 101±26 89±0.8 381±62 83±26 33±5.6 41±25 82±47 39±27 51±8.3 160±16 45±4.4 
4-alpha-
Methylporiferast-22-
enol 
5921±779 6373±996 6443±567 6193±1776 8731±46 6724±1023 4834±24 5044±598 3765±903 6019±316 5491±1197 5964±9.2 5906±1054 4827±1718 
Dihydrochondrillasterol 105±21 106±50 109±33 69±14 132±6.4 178±29 63±10 64±30 72±42 127±36 123±46 69±13 104±38 73±16 
Chondrillasterol n.d. n.d. 3.5±3.5 n.d. n.d. n.d. 2.8±2.8 n.d. n.d. 1.2±1.2 0.2±0.2 n.d. n.d. n.d. 
22-
Dehydromethylpavlovol 
69±47 17±12 86±38 65±19 142±9.2 61±17 51±15 112±9.5 27±20 54±14 45±6 50±50 70±14 48±28 
Methylpavlovol 2150±728 1794±435 2573±680 2905±317 3884±129 2876±1323 2029±194 2838±440 1546±602 1763±266 1513±454 2061±1022 2949±1336 2237±850 
22-
Dehydroethylpavlovol 
19±17 7.7±2.8 22±4.4 25±2 44±14 15±15 31±9.9 48±21 21±13 9.9±7.4 13±10 30±30 31±26 16±16 
Ethylpavllovol 11±11 12±12 39±6.3 56±39 56±3.2 50±35 53±3.1 66±4 16±1.3 23±12 11±5.9 20±20 58±51 26±8.3 
Unknown-1 935±159 1550±197 1229±221 1178±36 1280±1.5 1432±151 1030±50 1162±41 1029±488 974±132 1024±12 1021±176 1181±283 929±141 
Unknown-2 50±7.5 559±406 629±115 136±50 171±154 151±113 326±157 132±107 213±22 227±150 270±191 173±131 159±51 83±18 
Unknown-3 3976±385 5536±399 4133±1411 3547±467 3943±284 5722±104 3060±541 2272±827 3389±1007 4718±429 3967±596 4106±949 4177±431 3521±131 
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Figure 6.3. Total sterols (mg/g DW) in Pavlova lutheri at different concentrations of H2O2 in 
the medium (µmol/L). Shown are mean values and SEs from three separately-grown cultures, 
each.  
 
Figure 6.4. Accumulation of 4-alpha-methylergostanol (µg/g DW) in Pavlova lutheri at 
different concentrations of H2O2 in the medium (µmol/L). Shown are mean values and SEs 
from three separately-grown cultures, each. Different letters indicate statistically significant 
differences (Tukey’s test; p<0.05).  
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Figure 6.5. Activity of superoxide dismutase (SOD) and malondialdehyde (MDA) at 
different dosages of UV-C radiation (mJ m
-2
) after 3, 24 and 48 hours of treatment. Shown 
are mean values and SEs from three separately-grown cultures, each.     
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Figure 6.6. Activity of superoxide dismutase (SOD) and malondialdehyde (MDA) at 
different concentrations of H2O2 in the medium (µmol/L) after 3, 24 and 48 hours of 
treatment. Shown are mean values and SEs from three separately-grown cultures, each.   
6.3.3 Activities of SOD and MDA increased after UV-C or H2O2 treatments 
The activities of SOD and MDA had similar patterns under both UV-C radiation and H2O2 
treatment. The activity of SOD under UV-C radiation increased from 0.18 ± 0.003 U/10
6
 
cells in controls to 2.64 ± 0.097 U/10
6
 cells in 250 mJ m
-2 
irradiated biomass at 3 hours after 
the treatment (Fig. 6.5). Although the activity was similar in controls in the 24 h and 48 h 
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samples, it went up in the irradiated biomass from 0.378 ± 0.003 U/10
6
 cells (50) to 4.74 ± 
0.32 U/10
6
 cells in 250 mJ m
-2 
at 24h after the irradiation. However, the activities were 
lowered in all irradiated cultures at 48 h after the radiation. Similarly, MDA activity went as 
high as 3.68 ± 0.107 mmol/10
6
 cells on the 3
rd
 hour at the highest radiation which increased 
to 4.637 ± 0.08 mmol/10
6
 cells in the 24 h sample. However, the activities were decreased in 
the 48 h sample for all radiations (Fig. 6.5). 
Both SOD and MDA activity peaked at 24 h under H2O2 treatment as well (Fig. 6.6). The 
SOD activity in the treated cultures ranged from 0.257 ± 0.008 U/10
6
 cells (1 µmol/L on day 
2) to 5.935 ± 0.358 U/10
6
 cells (500 µmol/L on day 1). The MDA activity in the treated 
cultures ranged from 0.323 ± 0.02 U/10
6
 cells (1 µmol/L on day 2) to 4.659 ± 0.101 U/106 
cells (500 µmol/L on day 1; Fig. 6.6).          
6.4 Discussion 
To our knowledge, this study reports for the first time the use of UV-C and H2O2 in attempts 
to induce phytosterol accumulation in the high sterol producing microalga P. lutheri. UV-C 
has already been reported as a very useful tool for inducing the accumulation of lipids, 
especially unsaturated fatty acids and carotenoids in the microalga Tetraselmis sp. (Sharma et 
al. 2014), Dunaliella salina, and Tetraselmis suecica (Chapter 3). Similarly, in this study, 
significant increases in total sterol contents were found at 100 mJ m
-2
 making this treatment 
highly useful for phytosterol induction and confirming the notion that UV-C could be a 
sought after method for inducing various high value metabolites from microalgae. 
In this study, we found six sterol compounds that increased significantly in the irradiated 
biomass, indicating that these compounds played a dominant role in the repair of the 
damaged cell membranes or in amending the sterol: phospholipid ratio caused by the UV-C 
radiation. Moreover, ergost-7-enol and chondrillasterol were at undetectable levels in the 
unirradiated biomass but were in considerable quantities in irradiated biomass. It should be 
noted that the contents of these compounds were also very low in the osmotic shock 
treatment in P. lutheri (Chapter 5). This indicates that these compounds are probably more 
involved in the damaged cell membrane repair activity than the other compounds. Previous 
studies involving the use of UV radiation on microalgal cultures suggested that this treatment 
compromises the integrity of thylakoid membranes leading to the production of reactive 
oxygen species (ROS) (Salguero et al., 2005; Huang & Cheung, 2011; Sharma et al. 2014). 
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These studies reported higher production of carotenoids and polyunsaturated fatty acids 
confirming their status as antioxidants. However, the sterol compounds found to have 
increased production in the irradiated cultures hae so far not been recognised as antioxidants 
but might also be involved in the quenching of ROS based on our findings in this study.          
Contrary to UV-C radiation, we did not find any significant increase in sterol content due to 
H2O2 treatment in P. lutheri. There was also no significant increase in the contents of the six 
sterol compounds as seen under UV-C. Similar to UV light, H2O2 is well known to cause 
oxidative stress to the cells which leads to the formation of ROS in the cells. The increase in 
oxidative stress in the cells in this study due to UV-C and H2O2 has also been confirmed by 
the higher activity of lipid peroxidation (MDA) and SOD. Moreover, theoretically, H2O2 in 
the medium would be causing stress to the cells by initially affecting the cell walls and cell 
membranes where the sterols would be interacting with the phospholipids to reach an 
optimum equilibrium (as determined internally by each cell) of sterol to phospholipid ratio in 
response to the stress. However, the lack of response of the sterol compounds due to H2O2 
might be compensated by other mechanisms and requires further investigation in order to 
obtain increased understanding of the functions of microalgal sterol compounds in response 
to stress to the cell membranes.     
In summary, UV-C radiation at 100 mJ m
-2 
was found as a highly useful tool for inducing 
sterol production in the microalga P. lutheri under laboratory conditions. Optimisation 
studies at medium- and large-scale open or closed bioreactors may identify the right 
combination of cell density and radiation dosage that could present a significant step towards 
commercial production of phytosterols from P. lutheri.   
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General Conclusion 
This PhD study conducted screening of microalgal strains from brackish and marine waters 
for carotenoid and phytosterol contents and profiles, as well as antioxidant capacity to 
identify high carotenoid and phytosterol producers in the Queensland Microalgae Collection 
of the University of Queensland. The study identified D. salina and T. suecica as high 
carotenoid producers and found that UV-C radiation, plant hormones (e.g. methyl jasmonate 
and salicylic acid), hydrogen peroxide and sodium hypochlorite could be used to successfully 
induce carotenoid accumulation (Table 7.1).  
Table 7.1. Summary of dosages for induction of carotenoid and phytosterol accumulation in 
the microalga D. salina, T. suecica and P. lutheri (NS = No significant difference with 
untreated biomass)  
 
Strain Target 
compounds 
Induction methods 
Plant hormones UV-C 
radiation 
(mJ m
-2
) 
Combination 
of hormones 
and UV-C 
H2O2 
(µmol/L) 
NaOCl 
(µmol/L) 
SA 
(µmol/L) 
MJ 
(µmol/L) 
D. 
salina 
Total 
carotenoids 
NS 100 100-150 NS  10-50 5 
Lutein NS  10 50-150 NS  10 1-5 
β-carotene NS  10-50 NS  NS 10-50 NS 
Viola and 
neoxanthin 
NS  10 100-150 MJ: 10 & 
UV-C: 50 
NS NS 
T. 
suecica 
Total 
carotenoids 
35-360 10 100-300 SA: 70 & 
UV-C: 100 
NS  5 
Lutein 70 NS  100-300 SA: 70 & 
UV-C: 100 
NS  NS  
β-carotene 70-360 10 100-200 NS  NS  1 
Viola and 
neoxanthin 
35-360 NS  100-200 SA: 70 & 
UV-C: 100 
NS  NS  
P. 
lutheri 
Total 
sterols 
- 100 - NS  - 
 
D. salina is already well-known as a good source of β-carotene; however the current study 
found this strain of D. salina to produce high amounts of lutein under normal saline condition 
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which was similar to other promising strains such as Muriellopsis sp., Scenedesmus 
almeriensis, and Auxenochlorella (Chlorella) protothecoides.  
Although the lutein contents in T. suecica were lower than in D. salina, the robustness of T. 
suecica cells and their suitability for higher growth, and dewatering and harvesting 
techniques make them a promising candidate strain for production of lutein. Currently, lutein 
is commercially produced from marigold. Therefore, this study proposes two microalgal 
strains that could be used for further investigations for commercial production of lutein. 
This study also found that astaxanthin kept at 4ºC
 
or below under vacuum-packed conditions 
in the dark can be a useful tool for long term preservation of this highly sensitive and 
expensive carotenoid. Moreover, the method of drying plays a key role in maintaining a high 
astaxanthin content in H. pluvialis biomass and the use of freeze-drying can yield a higher 
profit margin than the currently popular spray-drying method. 
The current study also introduced Pavlova lutheri as a high producer of phytosterols. The 
high levels of 5% of the DW that can be achieved were unexpected. They were multiple 
times higher than any other alga tested and indeed higher than any known biological source. 
The use of UV-C radiation was identified as a useful tool for inducing phytosterols in this 
strain (Table 7.1) due to a two-fold increase in total sterol in the irradiated biomass compared 
to untreated biomass. Moreover, ageing and dilution of cultures also found to have significant 
effects in inducing higher accumulation of sterols in this strain. Further investigation at 
medium to larger scale operations employing these tools can take us one step closer to 
commercial production of phytosterols from microalgae.  
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Future direction of research 
 
 
One key area for research is bioprospecting involving identification, isolation and growth 
optimisation of new and locally available microalgal strains producing high amounts of 
carotenoids and phytosterols. Due to limited time availability, this study did not use I. 
galbana and P. salina for carotenoid induction experiments although they were identified as 
promising strains in the initial screening. Further studies are therefore warranted on these 
strains to induce higher production of violaxanthin and neoxanthin. 
 
More studies involving various induction methods should be conducted in order to identify 
other useful tools for increasing carotenoid and phytosterol accumulation. Such methods 
include manipulation of light intensity as well as use of red or blue light or combination of 
different wavelengths lights for induction of the target compounds.  
 
Besides production of high amounts of carotenoids and phytosterols, the strains should also 
be screened for species dominance, harvesting ease, and tolerance to variable environmental 
conditions. Moreover, successful scaling up of the desired strains for large-scale commercial 
production for carotenoids and phytosterols requires major improvements in the design of 
bioreactors using inexpensive and environmentally-friendly materials providing high 
productivity and accurate control of key parameters for high yield of biomass. Such 
improvements should look into areas such as assuring proper mixing of culture, rate of gas 
exchange, light penetration capacity and pH control. This work could be done at the Pinjarra 
Hills Algae Farm of the University of Queensland or in collaboration with industry partners 
currently involved in carotenoid or phytosterol production. 
 
Although the commercially explored microalgae strains for carotenoids are autotrophs, 
mixotrophic cultivation of several strains resulting in significant carotenoid accumulation 
have been reported opening up avenues of more research possibilities in this area. Growth of 
potential strains in the dark may solve many of the bioreactor designing constraints faced by 
the industry and therefore should be explored further. 
 
Another area of research focuses on the genetic modification of microalgae to obtain high 
carotenoid producing transgenic strains or mutants. Among the commercially important 
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species, genetic modification of Haematococcus has been attempted leading to the 
development of a strain with a modified version of its own phytoene desaturase gene. 
Moreover, gene expression profiles associated with astaxanthin-accumulating 
Haematococcus following stress have been reported. Several recently published papers 
characterised the different genes involved in carotenogenesis of astaxanthin under stressful 
conditions. The key genes studied so far in the carotenoid biosynthesis pathway are BKT1, 
PDS, CRTR-B, LYC, IPI-1, IPI-2, PSY, BKT2, CRTO, and CZLCY (Wang et al., 2012; Gao et 
al., 2012a, b; Cordero et al., 2012). Moreover, higher accumulation of violaxanthin and lutein 
through overexpression of the phytoene synthase-encoding gene from Chlorella zofingiensis 
in Chlamydomonas reinhardtii was reported (Cordero et al., 2011). The homologous gene 
from D. salina and BKT1 from H. pluvialis were successfully transferred to C. reinhardtii to 
help understand the mechanisms of actions of these genes in the carotenoid biosynthesis 
pathway (Wang et al., 2012; Couso et al., 2012). Recently, cDNAs from Adonis aestivalis 
were identified that could enable the production of astaxanthin and other carotenoids when 
operably linked to promoters appropriate to the transgenic hosts (Cunningham, 2013). Such 
research outcomes will enhance the attempts to produce transgenic high carotenoid producing 
microalgae. Moreover, studies on the gene expression profiling under variable culture 
conditions in the microalga Pavlova lutheri is warranted in order to understand the molecular 
mechanisms of phytosterol production in this strain. This can also lead to the development of 
high phytosterol producing transgenic microalgae. 
 
 
It is well-known that harvesting and extraction are two major areas of research in order to 
make carotenoid and phytosterol production more economically sustainable and ensure 
competitive advantage over other sources. Although many different approaches for 
harvesting have been proposed, such as sedimentation, membrane filtration, flocculation, 
concentration methods e.g. drum, spray, fluidised bed or freeze-drying but no universal 
method is yet to be developed. Due to the intracellular nature of the metabolites, proper cell 
disruption methods also need to be developed. The proposed methods are autoclaving, bead-
beating, microwave, ultrasonication, or exposure to high concentrations of salts, acids, 
alkalis, or enzymes. A promising new area could be the development of mutants with weaker 
cell walls that enable more efficient production. These mutants may also display a faster 
growth as less energy would need to be spent of cell wall biosynthesis. In the far future, it 
could be envisaged that microalgae could be used as cell factories that accumulate extremely 
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high amounts of desirable compounds. These highly advanced bioprocess engineered systems 
have been well established for bacteria (E. coli) and yeasts but may require a mixotrophic or 
heterotrophic approach.  
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